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Abstract 

The chemical, biological, and physical interrjelat_lon'- 

ships dictating the environmental status and evolution of 
shoreline wetlands are clearly dependent‘ upon water level 
fluctuations of both short-term (i.e. seasonal) and long- 
term (i.e. longer than seasonal) time scales. In this report, 
the impact of prolonged water level changes on the areal 
extent of shoreline m_arshlands is discussed. The model 
presented is a simple conceptual approach based solely 

upon the geometric variables defining ‘the morphology of 
the marsh and its confining basin. Two general and con- 
~trad'ic't’ory conditions are c,on_s_idered-. Both conditions 

tacitly assume that the marshland in que_stion contains a 

phreatophytic vegetation, canopy, and that the dynamic 
nature of the plant/atmosphere/sustaining soil relationships, 
while disregarded, is nonetheless acting in a, manner that 
preserves rather than destroys the marsh proper. The first 
condition, however, assumes that both the offshore and on- 
shore reaches of t_he wetland area are capable of supporting 
and transforming either‘ marshland or onshore vegetation 
as redtiired, and that, given s_uffici_e_nt~ regeneration time, 

a dynamic equilibrium may be established between marsh 
and onshore conditions. The second condition tacitly 

viii 

assumes no such vegetative equilibrium may be e_stablis_hed 
on the onshore reaches. 

Dividing the principal shoreline marsh co_nfigur'ation‘s 
into the general" geometric- categories of linear, concave/ 
convex, and e|,|ipt_ica,l, mathematical expressions are 

developed that relate changes _in persi'ste‘nt water levels to 
the disappearance or re-emergence of marshlands in terms 
of the onshore and offshore slopes of the wet_la_n,ds,. t_he 
change in water level, the initial marsh area, _and the maxi-. 
mum marsh depth beyond which emergent vegetation be- 
comes indiscernible in a synoptic overview. 

A "user-f'riend‘Iy” computer program written in IBM 
PC B-ASIC has been i_n,clu_ded. This computer ‘program is 

intended to enable workers concerned with particular 

marshland regions to use the predictive (both for conditions 
of total vegetative regeneration and total vegetative non- 
regeneration) capabilitries of theconceptual mathematical 
marsh model to evaluate the impacts of either naturally 
occurring or a_nt'iefipated 'man—made changes in per’si’ste‘nt 

ambient wetland water levels.



Résumé 

I,-es relations d'échanges chimiques, biologiques et 

physiques qui dictent les cond‘it’ions de milieu e't l'évolution 

des milieux h_umide,s de rives dépendent; de facon évidente 
des fluctuations du niveau de l'eau, sur une courte période 
(c’e'st-édire fluctuations saisonniéres) aussi bien que sur une 
longue période (c’est-édire fluctuations plus Iongues que 
saisonniéres). C_e document étusdie les liens entre les change- 
ments‘ prolongés du niveau de l'eau et la superficie des 
:mar'aifis_ riv'erains. Le modéle utilisé cohstitu'e une approche 
csonce»p'tue_l|e simple basé_e usniquement sur les variables géo- 
métriques quidéfinissent la morphologie du marais et de son 
bassin 'a'dj"acen't. Deux conditions générales et contradictoires 
sont e_nvi_s_agée_s. Ces cle_u_x cjonditions sous"-entendent que le 
marais comporte un couvert végétal de phréatophytes et 
que la nature dy‘hami‘due' des relations entre les plantes, 
|’atmosphé_re et _le sol n__o_urricie_r~,- bien qu’on n’en tienne pas 
compte, exerce une action préservative plutot que destruc- 
tive sur le marais. Sous_la premiere condition, toutefois, 
o_n supbose que les part,ieS sous l'eau et hor's de l'eau de la 
superficie du .terrai_n humide peuvent alimenter et transs- 

'former‘ la végétation du marais ou du terrain hors de l'eau 
et que, si la période de régénération est suffisante, u'n 

équ_ili_bre dynamique. s’étab|ira entre les conditions du 
marais et celles de la rive. Sous Ia deuxiéme condition, on 

sous—ente,nd qu'un tel équilibre du couvert végétal ne peut 
s'étab|ir sur les rives. 

Lorsqu’on distingue les pri'ncip‘a‘les cdnfig’u‘rati‘o’n‘s du 
marais riverain é |‘aide des grandes ca_tégori_es géomét_rique_s—, 
soit linéaire, concave,» convexe et elliptique, on parvient a 
des expressions mathématiques qui relient les changements 
persistatnts dans les niveaux d’eau a "la d’i§pa'ritio'n ou |’é'me'r- 
gence des marais, en termes de pentes sous l’~ea_u et horas de 
l'eau des milieux humides, de changement du niveau de 
l'eau, d_e superficie du marais initial et dé 'profonde‘u"r max’i- 
male du marais au-dela d_e laquelle Ia végétation émergente 
ne peut étre distinguée dans une vue syn‘optique.- ' 

Ce document ‘comprend un programme informatique‘ 
simple a utiliser et écrit en BASIC pour uh‘ IBM PC. Le 
but du programme informat_ique est de permettre aux 
chercheurs s’intéressant a des marais particuliers d'utiliser* 
les prévisions issue's du modéle conceptuel ma’th‘ém'a‘tiE1'L'ie 

d_u marais (aut_a_nt pour prévoir la condition de régénérations 
totale du couvert végétal que la condition de non'-régénéra- 
tion totale du couvert végétal). Les chérc'heur’s évaflueront~ 
les répercussions des changements provenant de phéno- 
ménes naturels ou provoqués par l’homme' sur les niveaux 
d’e'a'u persistahts des 'milieu'x huihides



Management Perspective 

Coastal wetlands are vibrant, valuable, and vulnerable 
ecosystems that support a _de_licately "balanced vegetationl 
fishstock/waterfowl population. Since this delicate popula- 
tion balan_ce necessitates that coastal wetlands act as simul- 
taneous, locales of spawning, nursing, and feeding, water" 
levels ‘play an integral role in the status and cont_i_nu,a| evolu- 
tion of these wetlands. Equally important to the overall 
problems of water availabiility are the level fluctuations 
characterizing this available water. lVlarshland’s require sea- _ 

sonal or short-term water level fluctu_ations to maintain the 
continuu_m of life cycle activities so essential to their evolu- 
tion. Nutrients must be imported and waste materials must 
be flushed away. 

Fluctuations of time scales significa_nt_|y different 

from seasonal can serve to compound these seasonal effects, 
and thereby i_nduce effects which may or may not be 
desirable. Coastal storms, for example, can produce dev- 
a_stati_ng consequences. Long-term (substantially greater tha_n 
seasonal) water level fluctuations may produce shifts in 

indigenous plant communities, corresponding shifts in wet- 
|,an_d c_l'assifi'cations and areal extents, and the possibility of 
dramatic impacts on the fish and wildlife populations. The 
relationships b'etwe'en water level fluctuations and the areal 
extent of- coastal marshlands are, therefore, clearly impor- 
tant to any assessment which attempts to understand and/ 
or gpredict the impact of a ‘natural or man-made adjustment 
to the ambient water levels. These water level adjustments 

’r‘:ra'y be a consequence of climate, land use management, or 
regulation and/or diversion of river and lake waters. A 
means ofpredicting the impact of such water level fluctua- 
tions on existing ma_rsh|and area can provide a valuable 

input to the ‘sensiblemanagement of aquatic resources. 

A simple conceptual ‘model is presented for predicting 
the change in areal extent of marshlands with change in 

persistent water level in terms of the morphology of the 
marshes and their confining basins. in particula_r, such 
ma_rshl_and changes are described in terms of the change in 
water level, the onshore and offshore slopes, the marsh 
area at zero water level datum, the maxjamum’ Water depth 
which allows a marsh to be delineated i_n synoptic over- 
view, and the basic geometric configuration of the shore- 
line accommodatingthe coastal marshland. The model is 

intended to provide a predictive capability for the impact 
of persistent water level changes when used in conjunction 
with aerial photography and/or satellite delineation of 

coastal marsh areas. 

Two general conditions are considered within the cur- 
rent model. The first condition assumes that although the 
soil/water/air»chemical and_ biological processes are, in 

essence, dis‘reg'arded, these processes a_re acting in such a 

manner as to attempt complete restoration of the marsh- 
land under increased water levels. This implies that onshore 
reaches previously not. inundated with well-defined per- 

sistent standing water will, subsequent to an appropriate 
response time-, establish a vegetative equ_il_ibr_ium between 
onshore and marshland growth canopies, i.e., t_he meta- 

morphosis of one wetland classification to another is 

allowed to proceed in a natural, u_ninterrup't'ed manner de- 
signed ‘to maximize the restorative capabilities of impacted 
wetlands. The second condition, which is contradictory, 

assumes that no such delayed regeneration is possible, i.e., 

no vegetative equilibrium may be established, and the 

restorative capabili_t_ies of metamorphosis are completely 

curtailed. It is reasonable to consider that reality is to be 

found somewhere between these two extremes.



introduction 

Freshwater wetlands are a dynamically complex 
natural resource. Wetland classification types include 
swamps, meadows, marshes, bogs and fens of glacial, prairie 
or lake origin. Further, depending upon both the ability of 
wetlands to respond and adapt to ‘changing environmental 
con‘ditions,_ and“ the capacity of the environmental pa- 
rameters to allow such response and adaptation, the wet- 
lands themse_lv'es may metamorphose from one classification 
to another.

' 

irrespective of the marked variations in wetland type, 
origin, and past history, however, detailed analyses of wet- 
land behaviour require careful consideration of the inter- 
related de_penden_cies existing among the flora, fauna, 
sustaining aquatic and soil r’e'gime’s, and climatic conditions 
pertinent to the ?We‘tla"n'd area under scrut_iny. This is parti- 
cularly true when the impacts of both transient and pro- 
longed ’f,lu_ctua’tio_n,s, in environmental parameters (such as 
water. levels, climate, contaminants, terrain dynamics) 
on wetland definition‘ "and vigor of both its resident biota 
and vegetative canopies are sought. 

The predominant wetlands comprising the Great 
Lakes basin are both lacustrine and riverine shoreline 
rnafshes, _m_ea_dows and swamps. The general distinctions 
made between such wetlands are the following: 

(a)_ Marshes contain persistent standing water throughout 
their region of definition, whereas meadows and 
svvarnps ‘are characterized by water-saturated sedi- 
ments_with usually little or no standing water. 

(b) Ma,rs_hes are generally recognizable by emergent bot- 
tom-anchored vegetation of the bulrush, reed, and 
cattail variety, while meadow and swamp vegetation 
ty’pe’s-inclucle grasses, sh rubs, thickets and trees. 

(cl Meadows and swamps are normally located upland 
from the shoreline marshes. 

l_n this report Great Lakes basin shoreline marshes 
are discussed. In particular, the'impact of basin-wide 
fluctuations‘ water level upon the areal extent of such 
Vlaeustrvine and/or riverine marshlands is assessed. The 
flauctuations considered are further restricted to those 
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changes in water level that persist over a longer time period 
than the cyclical annual variation associated with the 
region under consid_eration._ 

The importance of the interrelationships‘ arming‘ 
biota, vegetation, aquatic and climatic parameters in gov- 
erning the behaviour (both destructive and regenerative) 
of marshlands is rapidly becoming more appreciated, and 
although the interrelationships themselves are far from 
the desired state of robust mathematical expression a_nd 
vindication, they are, nonetheless, be_comin_g much more 
intuitively understandable. This is clearly evident in the 
evolution of much of the scientific literature. De’tailed 
discussions of wetlands classifications, the interdependence 
of internal and external wetland parameters, and the impact 
of water level fluctuations on wetland dynamics have been 
excellently presented from a wide variety of sources and 
scientific perspect_ives (see-, for "example," Chapman and 
Putnam, 1966; Greeson et a/., 1979; Gesselink and Turner, 
1978; Gels and Kee, 19797; Geis, 1979; Lands Dire_ctorate, 
1981, 1983; Simpson et a/., 1983; Jaworski et a/., 1979; 
Lyon, 1981; Burton, 1985; Whillans, 1982). While the 
directives, theories, and inferences drawn from such litera- 
ture may display real and/or perceived variances, the ac- 
tivities, methodologies, and analyses presented in such 
studies are clearly required to advance the multidisciplinary 
scientific thought so vital to p_roper assessment of wetland 
dynamics. 

It is singularly apparent that water level fluctuations 
are of integral importance to wetland development and 
status. Seasonal or short-term fluctuations provide a natural 
opportunity for the uninterrupted continuance of the 
growth and life cycles of the fish and_ wildlife inhabiting 
regions such as the Great Lakes basin. Shallow water environ- 
ments such as marshes are essential to the preservation of 
fish stocks, since marshes provide appropriate spawning, 
nursing and feeding locales. Consequently, inarsh_l_ands 
require short-term water level fluctuations to enhance and 
protect their p’r‘oduc‘tivity. Periodic short-term floodings 
are required to simultaneously provide nut'ri'ent inputs and 
flush away waste materials, thereby ena_bling the marsh to 
rigorously maintai_n the spectrum of vegetative corfitnunjit,i_¢s 
essential to the health and vigor of its wildlife and fish 
populations.



Extended periods of high or low water levels can 
compound these short-term effects of fluctuating water 
levels, and thus induce effects that may or may not be 
desirable. Long-term lake level fluctuations may produce 
shifts in indigenous plant communities (Harris and" Marshall, 
1963; van der Valk and Davis, 1978; Keddy and Reznicek, 
1982, 1985; Pederson and van der Valk, 1984; Hutchinson, 
1975). Low water conditions generally result in an asso- 
ciated displacement of emergent vegetation by sedge/ 
meadow plants a_nd shrubs coupled with an obvious reduc- 
tion in open water and aquatic communities. High water 
conditions generally result in increased open water com- 
munities at the expense of sedge/meadow communities. 
Dramatic impacts on fish and wildlife may clearly ensue 
(Jaworski and Raphael, 1978). 

Consequently, an understanding of‘ the impact of 
both natural (i.e. climatic) and artificially created (e.g. 

flood diversion, fabricated drainage systems, etc.) long-term 
water level fluctuations on the wetlands which prominently 
occupy basins of the magnitude and importance of the 

Great Lakes basin plays a significant role in the sensible 
management and regulation of natural water bodies (see 
International Great Lakes Levels Board, 1973; Great Lakes 
Basin Commission, 1975; International Joint Commission, 
1976; 1978; International Great Lakes Diversion and Con- 
sumptive. Uses Study Board, 1981). ~ 

It is therefore clear that persistent fluctuations in" 

water levels may influence the areal extent of coastal marsh- 
lands. One potentially advantageous method of investi- 

gating the relationship between water levels and marsh- 
land areal extent involves the use of aerial photography or 
satellite imagery (Carter, 1978‘; Klemas et a/., 1978;Hardisky 
and Klemas, 1983; Sasser et a/., 1986; Lyon, 1979; Lyon 
and Drobney, 1984; Buk,at_a et al., 1978; Butera, 1985; 
Civco et a/., 1986; Gross and Klemas, 1985; Ridd et a/., 
1981; Shima et a/., 1976). This method basically requires 
that first, the remotely sensed images at known water levels 
be used to delineate the areal extent of the marshlands in 
que‘stio'n, and secondly, some workable model be developed 
which could allow for the predictions of impact on marsh- 
land area of an anticipated or planned persistent change 
in water level. 

A means of obtaining a predictive ‘model that readily 
suggests itself is the simple point:-by-point regression of 

water levels and their corresponding marshland areas. Yet 
such a method (as properly pointed out by Reznicek and 
Keddy, 1984) takes into account neither the interdepen- 
dence of the myriad parameters influencing the marshland’s 
cha_racter and composition nor the temporal and spatial 

variabilities that so obstinately complicate those parametric 

interdependencies. In fact, it has long been the bane of the 
remote sensing community (Bukata et al., 1982) that a 

casual interchange of the roles of dependent and indepen- 
dent variables in the cause/effect relationships of environ- 
mental phenomena must be avoided in all research areas 
that rely upon regression analyses. The impact of lake water 
fluctuations on shoreline marshes is a convoluted con- 
sequence of the nature of the vegetative canopies com- 
prising the marshes, the ability of this vegetation to respond 
to changing aquatic environments, the nutrient character- 
istics of the sustaining soils, the general climatic conditions 
indigenous to the area, the bathymetry of the standing 
water region of the marsh, and the topography of the sur- 
rounding basin. Consequently, a single unified predictive 
marsh model satisfying the physical, chemical, and biologi- 
cal aspects of the system‘ is, at best, a highly elusive concept, 
especially since the governing parameters, as well as their 
interdependencies, will undoubtedly -vary from marsh to 
marsh. However, this variance from marsh to marsh some- 
what paradoxically serves as the strongest argument in sup- 
port of the simple point-by-point regression of water levels 
with their corresponding marshland areas. This argument 
presumes that whereas such regressions could possess a 

certain restricted appropriateness to the region under con- 
siderat_io,n, these regressions would not be used to attempt 
an explanation of the. behaviour of wetlands unrelated to 
that region. -Consequently, within the confines resulting 

from an awareness of the limitations inherent to such 
regression techniques, valuable information and predictive 
modelling could result from such activities. 

Despite the fact, however, that the marsh is a highly 

dynamic ecological system variably responsive to a spectrum 
of environmental c_hanges,- this report presents an attempt 
to relate marshland areas as dete_rmined, from aerial photo- 
graphs (using the presence or absence of identifiable plant 
species as a means of indicating the hydrological character- 
istics of the ‘regions being remotely sensed) taken during 
periods of high and low water levels to long-term water 
level fluctuations, using a simple conceptual mathematical 
marsh model based solely upon the geometric varia_b|es 

defining the morphology of the marsh and its confining 

bas_i_n_. Tvvo general and contradictory conditions will 

be considered. Both conditions tacitly assume that the 
marshland in question possesses a phreatophytic vegetation 

canopy and that the dynamic nature of the plant/sustaining 
soil relationships, while disregarded, are, nonetheless, 

present and acting in a manner which attempts to preserve 
rather than destroy the marsh proper. The first condition, 
however, assumes that both the onshore and offshore 

reaches of the wetland area are capable of sustaining either 
marshland vegetation (when appropriately inundated) or 

onshore vegetation (when appropriately de-inundated). This 

assumes that given sufficient regeneration time, a dynamic



equilibrium may be readily established between marsh and 
onshore conditions, and that this dynamic equilibrium, 
although lagging, is nevertheless responding to persistent 
water level changes. The second condition tacitly assumes 
no such dynamic eq‘uilibriu’m may be readily established. In 
this situation, only the marsh region defined at zero water 
level datum is considered capable of sustaining marshland 
vegetation. The onshore region defined at zero water level 
datum is considered incapable of sustaining marshland 
vegetation for a number of reasons such as steepness of 
shore from the strand line, absence of suitable sustaining 
soils‘, large depositions of rocks and gravel, and restrictive 
wave activity- 

lt is logical to regard the first condition asa utopian 
situation in which the maximum amount of marshland, 
despite a time delay, will re—emerge subsequent to a per-. 

sistent increase in water level, while the second cond_ition 
represents the situation in which the minimum amount of 
marshland exists subsequent to a persi_;ste_nt',iincreased water 
level, but a possible m_aximum amount of re-emerged marsh- 
|an'd subsequent to a persistent decreased water level. It 

is equally logical to assume that- reality is located some- 
where between these extremes. Knowledge of the terrain in 
question is an obvious‘ aid to a possible p'refe‘re‘nc'e that 
should be shown to either of these two conditions for a 
particular marshland.



CHAPTER 2 

Geometric Marsh Model: Linear Shorelines 

Marshes located along lake and river shorelines quite 
naturally assume geometric shapes determined by both the 
configuration of the shoreline and, the ‘onshore and off-’ 

shore slopes. It is this consistent feature of marshland 
formation that is the basis of the marsh model considered, 
in this report. Three basic geometric, shapes are considered, 
namely linear, concave/convex, and elliptical. While these 
shapes certainly do not completely exhaust the spectrum 
of possible marsh configurations, they do, noneithelvess, 

conform to a large percentage of marshes observed via 

synoptic overviews of the«G_reat Lakes basin. For the 
purpose of this work, a marsh is taken’ to have persistent 
standing water across its vegetation, and would be located 
offshore of ‘meadow/swamp regions which, although water- 
saturated, cont_a_in no significant observable persistent 
standing water. 
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Figure 1. Linear shoreline marsh configuration (a) plan view and 

(b) vertical cross section. 

Let u_s consider Figure 1a, which is a simplified dia— 

gram of a rectangular marsh along a |i_nea_r shore,_|,i,ne as seen 
in plan view. The total marsh area is taken to be made up of 
a basic marsh area B (offshore portion of the marsh, the 
maximum extent of which is determined by the limit of 
observable emergent vegetation) and a fringe marsh area F 
(offshore extensio_n_ of the basic marsh to accommodate‘ the 
submerged vegetation that cannot be observed directly). 

Only the basic marsh area B is considered in this model. 

Figure 1b,i||ust_rates a vertical cross section of the 
basic marsh configuration under two distinct water level 

‘ 

conditions. The initial condition assumes that the water 
level is such that the basic marsh‘ area originates at the 
strand line, and that the strand line separates an aquatic 
regime of offshore slope oz and onshore slope 6. This latter 
assumption is satisfied only at zero water level datum 
(International Great Lakes l_)at'u'm, 1955). The initial length, 
bo, of the basic marsh at zero wate_r level datum is taken as 
the offshore ‘distance to the water depth d (corresponding 
to the depth beyond which there is no further emergent 
vegetation). The second water level (dashed_ line) rep_resent_s 
the condition subsequent to an increase in depth to a level 
/Rn above the zero water level. The offshore length of the 
basic marsh (again taken to the depthd which is assumed 
invar_iant to the ’fIuc'tuating_ water“ levels) associated with 
this new water level is taken to be bn. 

If Rn < d, it may be seen that 

bn=X+y 
d'Rn Rn (1) 

= + 
tarioz ta,nB 

and 

fl-1-_“.".1..“‘"°‘i <2> 

be d tanfi 

If the alongshore extent of the marsh is L, then the 
plan view areas of the new and initial marshlands are bnL 
and boL, respectively. Equation (2) thus expresses the ratio 
of new basic marsh sa'r'e‘a (at water level Rn above zero water 
level datum) to i_nitial basic marsh area (at zero water level 
datum) in terms of the offshore and onshore slopes of the



marsh region, the water depth beyond which there is no 
observable emergent vegetation and the |a_ke level’ Rn. In 
the rest of this report, the individual definitions of bn and 
b0 as_ both line_ar and areal measurements will be considered 
as completely interchangeable for linear shoreline marshes. 

Equation (2) suggests the following: 

(a) For a positive Rn (i.e., an increase in water level 
above the zero water level datum), basic marsh area 
will be reduced if or is a smaller angle than {i (i.e., 

t_he slope of the lake bottom is less than the slope of 
the shore). The basic marsh area will be increased if 

01 is a larger angle than [3 (provided, of course, that 
excessive flooding does not occur which would suf- 
focate vegetation). 

'(b) For a drop in water level from R1 > 0 to R, > 0 
with R; < R1 (i.e., a decrease in water level but 
not to a value below the zero water l_evel datum), 
b'a'sic rnarsh area will be increased if or < B and de- 
creased. if or > B. 

(c) For oz 5 B (i.e., identical slopes for the offshore and 
onshore regions or, equivalently, for those water level 
increases or decreases that occur solely within the 
offshore regi'o‘n of Fig. 1), the basic marsh area will 
remain unchanged (i.e., bn/bo = 1). 

(d) For large values‘ of Rn (Rn > d), the x term of equa- 
tion (1) vanishes and equation (2) reduces to 

bn tango: (3) 

b0 
— 
tan 5 

which is a con_sta_nt for a particular marshland geo- 
metry. From equation ('3) bn/bo approaches zero (i.e. 
total destructive flooding) as ta_n an/tan B approaches 
zero. This would occur if the ma_rsh were contained 
within.'ste'e'p banks (i.e., [3 >> oz). 

in reality, of course, total destructive flooding may 
occur at intermediate values, of a and (3, since there is 

und‘oubted_ly some limiting value of d beyond which the 
m_ar_shland vegetation c'an'n"o't be sustained. Further, equa- 
tions (1), (2) and (3) a's‘s'u‘me that or and B are constants over 
the flood plain do_m_ain. Clearly, these slopes are not main- 
tained i_r_1d_efinitely. In fact, many basins often display quite 
marked departu'res from such constancy. 

The prin‘cip_al assumption of equations (1), (2) and (3), 
however, is that an eq_ui_|ibr_i,um may be established between 
marsh and non—marsh regions. This implies thatvother pa- 
rameters are not adversely affected and that the maximum 

amount of marshland possible will adapt to the new s'et‘o'f' 
circumstances. Logically, marshland may be destroyed 
more easily than created, since destruction may be a rel- 

atively insta_ntaneou_s event (flooding, for example), while 
creation requires time to modify and/or establish growth 
cycles. Jaworski et al. (1979) indicate that field investi- 
gations suggest that two- or three- year lags between water 
level fluctuations and dieback or recolonization are normally 
encountered. Consequently, for the situation of positive 
Rn (i.e., increased water level above zero wate_r level datum) 
resultant marshland areas maybe easily underestimated 
from aerial photography. 
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Figure 2. Relationships between b_n/bn (the ratio of linear shore- 
line marsh area associated with water level condition 
Rn above datum to the linear shoreline marsh area associ- 
nted with zero water level datum) and qr/tan [3 (ratio 
of offshore to onshore slopes) for a variety of Rn/d values. 

Figure 2 illustrates the linear relationship (expressed 
in equation (2)) that exists between bn/be (the ratio of 
basic marsh area associated with _a linear shoreline under a 
water level condition Rn above datum to the basic marsh 
area that would be observed at zero water level datum) and 
tan oz /ta_n (3 (the ratio of offshore to onshore slopes) for a 
family of Rn/d values <1.0 (ratio of water level Rn above 
zero water level datum to the maximum depth d at which 
emergent vegetation may be synoptically observed). Cleajrly., 
the ordinate intercept of each linear relationship occurs
at



and the slope of each linear curve has the value Rn/d. 
Further, the point (1.0, 1.0) satisfies each curve, irrespec- 
tive of the Rn/d value <10. For valu_es of Rn/d > 1.0, 

equation (2) becomes invalid and equation (3) 

bn tan of 
F6 

— 
Ta???- 

becomes operat_ive. The plot of equation (3) is identical 

with the linear relationship expressed by equation (2) for 
the case of Rn/d = 1.0. Consequently, the Rn/d = 1.0 curve 
of Figure 2 also applies for all values of Rn/d >1.0. This 
suggests that on the basis of the linear ‘marsh model dis- 

cussed herein, scatter plots of bn/bo against ta_n oz/tan Ll 

would not display data points located to the right of the 
Rn/d = 1.0 li_ne for marshland reductions (i.e. for values of 
tan or/tan B < 1.0) nor to the left of the Rn/d = 1.0 line for 
marshland increases (i.e. for values of tan or/tan (3 > 1.0). 
Thus, for the condition of complete dynamic equilibrium 
being established among wetlands subsequent to a persistent 
change in water level (thereby resultinmg in the maximum 
area! extent of marshland under the new aquatic condition), 
scatter plots_of bn/bo are expected to be contained within 
the cones bounded by the Rn/d = 0.0 and Rn/d = 1.0 lines. 

Figure 2 has been generated considering Rn > 0 
(i.e., for an increase in water level to a value Rn above the 
low water datum). The case of Rn < 0 (i.e., for a, drop in 
wate_r leve_I from the low water level datum to a value Rn 
below the low water level datum.) may also be readily con- 
sidered, since in this instance, the value of bn/bo will 

re_m_ai_n at the value 1.0 (a consequence of the onshore and 
offshore slopes, becoming the same). This condition of 
invariant marshland areal extent assumes that the water 
level drop does not completely remove the water from the 
marsh, in which case the marsh could total_ly disappear, or 
that the. water level drop does not produce a_n extended 
region of standing'w‘ate’r of depth <d, in which c_ase the 
total basic marsh area could substantially increase. 

Several possible uses of Figure 2 become immediately 
evident. Clearly, if or and (3 are known for a marsh region, 
then bn/bo (i.e., the areal extent ii‘n'pa'ct of persistent water 
level changes Rn above zero w_ater level datum) may be 
easily predicted for wetlands not inhibited by drastic de- 
partures from abilities to establish dynamic equilibria. If 

at, 5, -bn‘ and b0 are known or can be suitably estimated, 
Rn/d may be determined). Under some conditions, estimates 
of the slopes of the terra_in may be calculated. Determina- 
tions from' synoptic over_viev_v_s of the areal extent of basic 
marshland under two water level conditions play an integral 
role in such applications of Figure 2. However, Figure .2 has 
been generated assuming knowledge of ‘b0 (i.e., the offshore 

extent of the basic marsh at zero water level). Very rarely 
do historical aerial records contain such data, and ‘equally 
rarely is it convenient to wait for zero water" level condi- 
tions to collect such data. It is considerably more co_n_veni_e_nt; 
to locate or obtain two synoptic data sets over a marshland 
area under study at two distinct water levels, neither of 
which is at zero 

J 

water Level datum.; Consequently‘, to 
benefit from Figure 2, these two synoptic data sets must be 
used somehow to estimate marsh conditions at zero water 
level. 

Let b0, b1 and b2 represent the basic marsh linear 
extents corresponding to water levels R0 (zero water level 
datum), R1 and R2 (both above zero water level datum), 
respectively. ‘It’ may readily be shown that the "parameters d « 

(maximum water depth at which emergent vegetation may 
be aerially 'observed) and b0 (basic marsh linear extent at 
zero water level) are given by: 

d = Rzbi f R1b2 1_ tana 
bi " b.2 tanfi (4) 

and 

_ b1RV2~-__b2_<R1 "° “ ‘5’ 

It is of interest to note that equation (5) is indepen- 
dent of the marshland slopes. ‘Thus-, if the appropriate 
marshland areal extent may be determined corresponding 
to two known water levels above zero water level datum, 
then the expected marshland area corresponding to zero 
water level datum may bereadily calculated without pre- 
cise knowledge of the topography. The determiniation of 
the maximum basic marsh depth d from such information 
(equation (4)), however, does require precise to'po‘gra'phical 
knowledge.

_ 

It should be further noted that the water levels R, 
and R2 are the water levels that exist concurrently with 
the measured marsh areas. Since there is a significant lag 

time involved (Jaworslsi et al_., 1979; Keddy and Reznicek, 
1986) for the equilibrium to become fully established, it is 
not unreasonable for the appropriate water levels R, and 

R2 to be taken as the water levels that were p,re_s_e_nt_two or 
three years prior to the aerial photography or environ- 

mental satellite overpass. The values of bo obtained from 
equation (5) can then be used in the applications of equa- 

tions (2) and (3) and Figure 2 to linear marshland condi- 

tions under two distinct values of Rn > 0. 

To this 'point, the linear marsh model has assumed 
that the environmental interrelationships dictating wet-



lands behaviour are such as to optimize the adaptability 
of the marshlands to persistent changes in water levels. in 

particular, -this implies that the onshore reaches of the 
marshes (defined by the angle B) readily accommodate the 
vegetative equilibrium required to maintain marshland 
definition. Very often, however, the observation is made 
of the apparent elimination under high water conditions of 
a large percentage of marshland which had existed under 
low water ‘conditions, even when sufficient time has elapsed 
for equil_ibrium establish'men't. Such a condition of minimal 
regeneration of marshland could arise from a variety of 
sources, but two very common reasons are that the marsh 
is cha_racterized by onshore slope (3>> offshore slope at or 
the onshore reaches of the marsh are not conducive to veg- 
etative growth and/or transformation. 

Let us consider such a marsh in which 0 < Rn < d 
and, for whatever reason, no new marsh is created on the 
previously onshore region. This is equivalent to the situation 
in wh,i,ch distance y of Figure 1 is taken to be zero (due to 
the absence of vegetative growth or due to such conditions 
as the pr‘e‘s'e'nce of a bedrock -or very steep shoreline), 
whereas distance x retains its o_rigina_l marshland definition 
(due to.the presence, of vegetative growth). For this situa- 
tion l:_>n is given by — Rn)/tan oz and b0 is again given by 
d/tan 01;.-"Therefore, equation (2) becomes 

bo d 

in this case, it. may easily be shown that if two water 
level conditions R1 and R2 are considered, both of which 
are above the zero water level datum, and correspond to the 
marshland |,i.n_e,ar extents b1 and b2, respectively, the value 
of be (linear extent of marshland corresponding to zero 
water level datum) may once again be calculated from equa- 
tion (5), viz. 

b1R2 - b2R1_ 

R2 _- R1 
bn= (5) 

The value of d (maximum water depth at which 
emergent vegetation may be ;detected), however, may be 
d_etermi_ned_ from

b 
R, - n,_b_’ _ Rzbl - Rm, 

Cl = I’",.'_i7Z'."".,-_..,_l_. or V (7) 

1 - b2 bl ' b2 
ET 

Hence, for the case of total non-regeneration of 
marshland subsequent-to an increase in water level, equa- 

tions (5) and (7) indicate that both the parameters b0 and d 
may be estimated from two sets of remotely sensed data 
without precise knowledge of the terrain slopes. 

Equation, (6) indicates that bn approaches -zero as Rn 
approaches d. Hence for Rn > d, all marshland area will 
disappear. This is indicated in Figure-3, which illust'rat'es 

the linear relat_ionship existing between bn/b_n and Rn/d, 
for values of Rn 2 0. Such a relationship is totally indepen- 
dent of tan ac/tan 5 and decreases linearly from bn i be at 
Rn = 0 to bn = 0 at Rn > d. Values of Rn < Oare not con- 
sidered in Figure 3, since equation (6) ha_s been based on 
the premise that the reason a vegetative equilibrium ‘is not 
established is the inability of the onshore (at zero water 
level datum) slope to adapt to marsh v‘ege't'a'tion growth. 
No such i,n_ability c_ha_racterizes the offshore (at ;_z_e_ro water 
level datum) slope. Consequently, since only the original 
offshore slope is involved in the consideration‘ of negative 
values of Rn, equation (6) does not apply andthe value 
bn/bo remains constant at 1.0. 
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Figure 3. Relationship between bn/bn and Rn/d for a linear shore- 
line marsh. 

Figures 2 and 3 therefore represent the impact of 
persistent water level changes on linear marshlands c_ha_rac— 
terized by offshore slopes O1 and onshore slopes B for two 
extremes of onshore vegetative regenerat_ion capability. 
Figure 2 represents the maximum areal extent of a l_in_ejarV 
shoreline that can re-emerge subs_equent to a persistent. 
water level change, while Figure 3 represents the rhini- 
mum such areal extent that could emerge.



CHAPTER3 

Geometric Marsh Model: Convex and Concave Shorelines
, 

Figure 4 illustrates the situation for marshes located 
along convex or concave shore|ines_. A convex shoreline 
may be typified by some islands and headlands, while a 
concave shoreline may be typified by some bays and bights. 
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Figure 4. Angular sector of (a) convex shoreline marsh and (b) 

concave shoreline marsh. 

An angular sector of a convex marshland is sketched in 

Figure 4a, the centre of curvature of t_he sector being con- 
sidered to lie inland. E0 and So are taken to be the physical 
distances from the centre of cu'rvatu"re to the offshore 
extent-of the convex marsh, and from the centre of curva- 
ture to the convex shoreline, respe_ctively, for the init_ia_l 

water level condition (viz. zero water level datum). Simi- 
Iarly, En and Sn represent these physical distances cor- 

responding to a water level Rn above zero water level

8 

datum. If A0 and An represent the basic rn'ar'sh areas cor- 
responding to these two distinct‘ water level conditions, 
then 

1.655%- 168%. 
fin _ 2 '2 

Ao 1o§_lo%
2 

_En+3n_En'5n - (8) 
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. . 

En ‘ Sn bn 
. . However,,—._.Tc.— = __ , i.e., the equivalent of the 

. 
E0 ' .30 be 

basic marsh areal ratios for a linear shoreline. Therefore 

An _ (En + 3n _ 
bn (9) 

A0 E0 + 39 '30 

where bn/bo is as given by equation (2) for the case of 
Rn < d and by equation (3) for the case of Rn > d. 

Equation (9) thus relates the areal impact on a con- 
vex marshland of a long-term increase in water level in 

terms of the geometric parameters of the marsh, the‘ on- 
shore and offshore slopés, "the water level E5 and the water 
depth d. It is stressed that equation (9) represents the con- 
dition of maximum regenerated vegetation, i.e., a, con- 
dition in which the establishment of vegetative equilibrium 
is totally favoured, i.e., onshore slope [3 defines a regime of 
sufficient fertility to accommodate, subsequent to a lag 

time, a full marshland vegetative canopy. 

An angular sector of a concave marsh area ‘is sketched 
in Figure 4b, with the centre of curvature of'the sector, in 
this case, however, being considered to lie offshore. It may 
be readily shown that for concave shorelines, the ratio of 
areal extent of associ_a_ted marshlands for these two water 
level conditions (initially at zero water level datum and 
finally at Rn above zero water level datum) may once again 
be expressed by equation (9), the governing equation for 
convex shorelines. The only qualifier on the use of this 
single equation for convex and concave shorelines is that for



co'n'v‘ex shorelines En < E0 and Sn < So, while for concave 
shorelines En > E0 and Sn > So. Consequently, the ratio 
An/A0 for convex shorelines will be less than the corre- 
sponding‘ ‘ratio "for linear shorelines, while the rat_io An/A0 
for concave shorelines will be greater than the correspond- 
ing ratio for linear shorelines. 

Thus, for a given rise in water level, and assuming that 
other factors are comparable, marshes characterized by off- 
shore slopes or less than the onshore slope (3 and located 
around convex shorelines should lose a greater area than 
‘would their linear countgerparts. That is, marshes located 
around headlands and islands are most vulnerable to destruc- 
tive flooding, 

If equation (9) is rewritten as 

bf‘ '59 7‘. 50- 
-. 
An -=____.__ __ (10) 

be En+Sn A0 

then Figure 2 may be considered applicable to both convex 
an_d concave shoreline marshes as well as linear shoreline 
marshes, since equation (10) represents the linear equivalent 
of co'nvex/concave marshes subject "to increased water levels. 
For a dec_r_ea_s,e in water level (i.e., from zero water level 
datum to a water level -Rn below this datum), it is clear 
that the offshore retreat of the sectors considered in 
Figure 4 would result in an increased marsh area for convex 
shorelines and a decreased marsh area for concave shore- 
lines because the locations of En and Sn are interchanged 
with E‘; and So. Tha_t is, for convex shorelines En > E0 and 
Sn > So, while for concave shorelines En < E0 and Sn < So. 
Consequently, the ratio An/Aio for convex shorelines will 
be g'r’e'ater than the corresponding ratio for linear shorelines, 
while the ratio An/A0 for concave shorelines will be less 
than the ,corresponding ratiofor linear shorelines. Since the 
linear shoreline ratio bn/bo is equal to .1 (see equation (2) 
wither = (3), then the An/A0 > 1 for convex shoreline 
marshes is indicative of an increased marsh area subsequent 
to a drop in water level, whereas the An/A0 < 1 for con- 
cave shoreline marshes is i_nd,ic_ative of a decreased marsh 
area subsequent to a drop in water level. In fact, the mini- 
mum decreased marsh area for concave shoreline marshes 
suggested by Figure) 4 occurs when En retreats to the centre 
of curvature_, i.e. E_n_ 

= 0. This corresponds‘ to a sectorial 
area A__n '= 0Sn/2 implying the complete domination of the 
standi'n_g water portion of the bay by emergent marsh veg- 
etation‘. For a sem,ici_rcular bay, the marsh area An would be 
rrS}1/2 or, equivalently, nbn/2 or nbf)/2. 

'Wh‘il'e‘ it is c__lea_r »t_h_a_t reduced water levels (along off- 
shore slopes 01) will result in a decreased marsh area for a 
concave shoreline and an increased marsh-area for a convex 

shoreline, and equally clear that an increased water‘ level 
(along onshore 'slop_e=fl) will result in a decreased marsh 
area for a convex shoreline (provided, of course, that veg-. 
etative equilibrium may be established), it is not as im- 
mediately evident what impact such an increased water 
level would have on a marsh area around a concave shore-. 
line. 

From equation (9) it may be seen that since 

En+3n —-_——>1 
E.o“‘3o. 

for a concave marsh subject to an increase in water level 
Rn where 0 < Rn < d, the ratio An/A0 for this marsh is 

greater than the ratio bn/bo for its linear marsh equivalent. 
However, since bn < b0, the value of An/A0. cannot be 
immediately determined as being > 1 or < 1. 

Let us consider the concave shoreline marsh (Fig. 4b) 
in terms of the onshore/offshore and subsurface parameters 
of Figure 1. It is seen that 

E0 = so - d 
tana 

d - R En = so '# 
tanoz 

Rn 
a_nd Sn = $0 + 

tan (3 

from which 

En '1' Sn Rn 
< 

1 1 (11) .———-—= 
1 + . + 

E0 + So 2.80 d tanoz tanfi - 
tanoz 

Substituting equation (11) into equation (9) yields:

~ 
E = 1 + R” + _1__ 
A0 23 _ d tan oz ta_n [3, O tanoz - 

X 1- E + E3 tan“ “-2) 
T 

d d tan 6.



Clearly, the relative magnitudes of a, B and So (the radius 
of th_e concave shoreline at zero water level datum) will 

play integral roles in whether An/A0 is greater or 
less than 1. « 

Consider the first derivative of equation (12) with 
respect to Rn. A positive value of , 

d An 
dRn A0 

would indicate an increase in concave marsh areal extent 
-with a rise in water level, while a negative value of~ J1. An 

would indicate a decrease in concave marsh areal extent 
with a rise in water level. 

A0 = first term 
dRn dRn (second term) 

+ second term -d (first term) dR 

b0 dRn 
(13) 

_ En+Sn,_ _1_+1_tanoi - 
E0 VSO d d tanfi 

R R tanoi 
+ 1 ...J + i X 

d d tanfl 

1 1 1 
+ -

d tanaz tanfi 2So_ A. 

tanoz 

For a concave marsh the term 

En"'Sn 
Eo+5o 
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is positive, the term 

1 1»ta'noi _-—,-+_ 
d d tanB 

is negative (for 0: < B), the term 

5+ ljntana 
(1 61 taniil 

1- 

is positive (for at < B), and the term 

_,1 ,+ 1 ._ .1
. 

'tarioi tanfl 2354;" q 

is positive. Consequently 

___5L Ln. 
dRn A01 

d An . . . ——-V ; (positive term X negative term) 
dRn A0 + (positive term X positive term) 

is given as 

= negative term +- positive term 

Clearly, therefore 

.1 
dfifi A0 

may be either positive or negative,» depending upon the\- 
relative magnitudes of these two terms. Thus, for an increase 
in persistent water level (Rn > 0) and ¢X< a, a concave 
marsh may lose or gain areal ‘extent in a totally regenerative 
vegetation system. ‘Further, this gain or loss is; dependent 
upon the geomet_ric characteristics of the marshland in 

question, viz. the parameters So, Rn, d, at. and 6 (see 

equation (12)). 

To illustrate the dependency of the impact ‘of in- 

creased water levels on the areal extentof concave marsh- 
lands, equations (11) and (12) were used to determine 
An/A0 for a wide variety of combinat_ions of So, oz and B 
for fixed values of; Rn and d. Figure 5 illustrates the family 
of curves representing the concave marsh factor 

En "' Sn 
Ed 1:30 

(from equation (11)) for a fixed increased water level 

Rn = 1.0 m, a fixed emergent vegetation limit d = 1.25 m,



and a fixed onshore slope [3 = 1°. The offshore slope at is 

allowed to vary between 0.1°and 10° and the zero water 
concave marsh radius So is allowed to vary between '30 m 
and 500 m. The minimum theoretically allowable value of 
oz for each marsh is clearly given from equation (11) as 
at > tan“(d/230). However, in practical terms, the minimum 
or permissible in the model occurs for or = tan" (d/So), since 
the locat_ion_ of d will then be at the centre of curvature. It 

is readily seen from Figure 5 that 

(a) The geometric factor for concave marshlands 
subjected to an increase in persistent water level 
change is greater than unity, indicating that provided 
regenerative vegetation equilibrium may be estab- 
lished, _the ratio of resulting concave marshland to 
zero water level concave marshland (An/A0) will be 
greater than the, e_quiyale,nt ratio (bn/bo) for a linear 
shoreline marsh. However, since bn/bo < 1.0 for a 
‘persistent water level rise, the positive values of the 
concave marsh factor indicated by the family of 
curves in Figure 5 cannot guarantee consistent values 
of An/A0 greater than unity. 

(b) The smaller the "zero water level concave marshland 
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Figure 5. Relationships’ between the concave shoreline marsh 
fflctol‘ (En-+ Sn)/(E0 '+ 80) and offshore slope at for a 
va_r_iety of S9 vitlges.

' 

(c) 

So, the larger the geometric factor and therefore the 
greater the An/A0 ratio compared to its corresponding 
bn/bo ratio, i.e., the smaller the concave marsh, the 
less severe will be the impact of a positive persistent» 
water level rise, 

The smaller the marsh parameter So, the larger the 
required offshore slope at to apply this current model. 

(d) While the range of So considered in Figure 5 appro- 
priately considers the bulk of the m_a_rshlands 
encountered the Great Lakes basin, it is seen from 
both Fig'u're 5 and equation (11) that the limit of the 
concave marsh factor 

En “' Sn 
E0 + so 

as 50 becomes large is 1. Thus, Figure 5 clearly 
indicates that the larger the concave _marsh (i.e. the 
larger the So), the more nearly it approximates the 
behaviour of a linear marsh, and the smaller will 
have tobe the offshore slope oz to emphasize a 
departure from linear behaviour. 
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Figure 6. Relationships between the concave shoreline marsh 
fiiclol’ (En 1+ Sn)/(E0 + So) and offsh'or'ej slope or for a 
variety of increased water level values R“. 
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Figure 6 illustrates the dependency of the concave 
marsh factor

A 

En + 5n 
E0 ‘l’ 50 

on offshore slope oz for a fixed value of B = 1°, a fixed inun- 
dated concave marsh radius So = 250 m, and a variety of 
Rn values ranging between 0.1 and 1.25 m, the latter value 
being eq'uivalent to the maximum water’ depth _d at which 
emergent vegetation may be syno'p_tic'ally observed. From 
Figure 6, it is clear that the ‘maximum departure from 
eq’uivalent.linear marshland behaviour is experienced at 

large values of Rn and minimal values of oz. The minimal 
value of oi (as seen from equation 11)) is once again given 
by oi ; t_an'1 (d_/2S0)" and is, of course, independentiof Rn. 
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Figure 7. Relationships between the concave shoreline marsh factor 
(En + sn)l(VE0 + S0) and offshore slope at for a variety 

of onshore slopes B and initial marsh size of 250 m. 

A 

Figure 7 illustrates the dependency of-the concave 
marsh factor 

En+3n 
Eo'*'So 

12 

on or for a fixed Rn .= _1 m, a fixed S0 = 250 rn, and a 

variety of onshore_ slope angle values varying between 1° 
and 90°. Figure 7 shows that the lower the value of or and] 
or B, the greater the departure of a concave marsh from 
linear behaviour, The situation for a smal|'ma'r'sh (S0 = 50 m) 
is shown in Figure 8. The ef.fect of B is clearly more pro- 
nounced for a small marsh than for a larger marsh. How.—. 
ever, a much |arge‘r'v'alue' of offshoreslope oi is also required. 

The situation for B = 90° is of importance to this- 

discussion, since in essence, this is equivalent to the situ- 
ation in which distance y of Figure 1 is taken to be zero 
(i.e., no new marshland being created due either to a very 
steep shoreline or the inability of the onshore reaches to 
sustain marshland vegetation on acco_unt of ,roc,k_s, gravel, soil 
infertility, etc.~)._ Co/‘nse'quen‘tly, (3 = 90° represents the situa- 
tion in whichno vegetation, equilibrium can be establlishedll 
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Figure 8. Relationships between the concave shoreline marsh factor 
(Eh + Sn)‘/(E0 + So) and offshore slope oz for avariety of 
onshore slopes (3 and initial marsh size of 50 m. 

As such, is = 90° defines the condition for whic_h there is 

theoretically zero (or realistically minimal) onshore marsh 
regeneration subject to a persistent increase in water level.



Further’, as seen by Figures 7 and 8, maximum impacts on 

En"‘Sn 
’Eo“’S.o 

occur up to 5 ~ 5°. Beyond this value of B the impact of 
6 becomes dramatically reduced. 
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Fifure 9. Relationships between the concave shoreline marsh factor 
(En + Sn)/(«E0 + So) and offshore slope oz for a variety 
of initial m_arsh sizes and onshore slope L3 = 90° (i.e. a 
n_o'n-regenjerative marsh) for Rn = 1.0 m. 

Figure 9 illustrates the role of original concave marsh 
radius So on the factor 

En ‘F 3n 
5.0 ‘l’ 50 

for Rn =” 1.0 m and absence of a vegetation equilibrium (Le. 
equivalent offl-= 90°‘) and a range of So values. Figure 10 
considers the correspondying family of c_urves for Fin = cl = 
1.25 In. It is seen that for ti = 90°, the concave marsh factor 
is represented by a curve which decreases with increasing 

‘oz lfr‘or'n a value vvhich is_ independent of marsh size So to a 
|_imgit~ of 1 (’i.e. for large a, An/A0 = bn/bo). Clearly, from 
equation (11), the conditions for B = 90° and Rn .= d and 
any value of 30 result in a maximum factor value of 2.0. 
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Figure 10. Relationships between the concave shoreline marsh 
factor (En + Sn)/(E0 45 So) and offshore slope oz for a 
variety of initial marsh sizes and onshore slo'peB '= 90°" 

(i._e. a _non-regenerative inarsh) for Rn = 1.25 m. 
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Figure 11. Relationships between the concave shor rnje marsh 
factor (Eu 1- Sn),(Eo + $0) and offshore slope oz for 
a variety of increased water 1evelvv'al1'1e'sRn and onshore 
slope 5 =' 90° (Le. a non-regenerative marsh).
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Figure 11, in a manner analogous to Figure 6, illus- 
trates the dependencv Of the concavemarsh factor 

En"'3n 
.Eo"’3o 

on the offshore slope at for a fixed inundated concave 
marsh radius 80 .= 250 rn and a fixed value of (3 = 90° (re- 
presenting the extreme case of no marshland vegetative 
regeneration) and a variety of Rn values. Once again, the 
minimum value of O1 is independent of Rn and maximum 
departure from linear shoreline marshland behaviour is 

exhibitediat larger values of Rn. The departure from linear 
shoreline behaviour is, however, considerably reduced, from 
the co,rre_sponding departures for small values of onshore 
slopes 6.

' 

Figures 5 to 11 have considered the concave marsh 
factor 

En 1' Sn 
.Eo’+“3Vo 

as the ordinate. To convert this ordinate to the ratio An/An, 
the marsh factor must be multiplied by the concave marsh’s 
associated linear shoreline marsh counterpart bn/bo, as 

obtained from equation (12). Tal_<_ing the linear shoreline 
counterpart ratio ban/bo into account, Figure 12 illustrates 
the depe'ndency of An/An upon offshore slope 01 for a con- 
c_ave marsh subjected to ,a pers_istent water level increase 

Rn = 1 m above zero water level datum and a fixed onshore 
slope (3 = 14° for a variety of S70 (radius of curvature of con- 

cave marshland at zero water level datum). Figure 12 may 
im_m_'ediately be considered in conjunction with Figure 5. 
While the multiplicative‘ factors of Figure 5 are always 
greater than unity for all So and a values, the values of 
An/An may be greater or less than unity and are depen_dent 
upon both 2ero level marsh size So and offshore slope oz. 
Clearly, the case of a linear marsh (represented in Figure 12 

as the curve for a concave marsh of infinite radius, So) 
indicates, as expected, a reduced marsh area resulting from 
increased water levels for basins characterized by 01 < Band 
increased marsh area for non-excessively flooded basins 

characterized by a > (3.
' 

From equation (12) it is seen that bn/ho isa function 
of Rn, d, at and [3, but, understandably, independent of 50. 
Figure 13 illustrates the family of curves defining the linear 
marsh ratio bn/be as a function of oz for a fixed B = 1° and 
a variety of Rn values 0 < Rn < ‘d. A very apparent hinge 
point, through which every curve passes, is seen at the 

14 

'°°3fi°” bn/bo = 1 and Qt = (3. Fo_r valuzes of at < reduced 
. linear marsh areas result from inc,r,eas_ed water levels, while 
at values of at > 6, increased linear marsh areas ensue. 
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Figure 12;. Relationships between An/A0 (the ratio of concave 
sh'orel_in_e marsh area associated with ’W'at_er l_e_ve_l condi- 

tion Rn above datum to the concave shoreline marsh 
area associated with zero water level datum) and off- 
shore slope oz for a variety of So vi§l_ue_s_. 

When Figure 13 is multiplied by Figure 6 for a fixed value 
S0 = 250 m, Figure 14 results. The hinge point-in Figure 14 
clearly occurs at an offshore slope at <‘ 3. Both Figure 13 
for linear shoreline marshes and Figure 14 for concave 
shoreline marshes indicate that as Rn increases to a maxi- 
mum value of d, so also does the impact on marshland areal 
extent. This increased impact with Rn occurs on both sides 
of the hinge point, i.e., for at values small enough to be 
associated with a redu'ctio'n in marsh area and for or values 
large enough to be associated with an increase in marsh area. 

I 

Much larger impacts, however, are associated with reduc- 

tions of linear marsh area than with reductions of concave 
marsh area. For larger‘ values of at (corresponding to in- 

creases in marsh area), the impact of increasing Rn is com- 
parable (at fixed B values) for both linear and concave 
marshes. The effect of varying (3 values on the areal extent 
of concave marsh_lands subject to persistent water level 

increases is shown in Figure 15. Fixed values of S0 = 250 m
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and Rn = 1.0 m a__re taken, and a family of curves depicting 
An/A0 as a function of at are shown for 1° < fii < 90°. 
As expected,- it is seen that for the range of 0:? values 
0.1° < Q; < 10°, only values of B < 10° result in situati_ons 
that may be accompan_ied by increased marshland areal 

extent. It is also evident that the value of Cl! beyond which 
the concave marsh areal extent increases (i.e. An/A0 > 1) 

occurs at some value at < B. This may be compared to the 
corresponding condition for linear shoreline marshes 
(Fig. 16) in which this transition from a reduction in areal 

extent to an increase occurs at 0: = (3. 

Figures 12 to 16 have assumed the ideal condit_ion of 
ready establishment of vegetative‘ equilibrium. The condi- 
tion for which no such equilibrium may be established is 

represented by [3 = 90°. Figure 17 illustrates An/A0 for a 

concave shoreline marsh in which [3 = 90° and Rn = 1.0 m 
for a variety of So values. For So -> °°‘ the linear marsh 
curve becomes a horizontal line independent of oz and equal 
to the limit of An/A0 for a concave marsh of any 50 value 
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Figure 17. Relationships between An/A0 for concave shoreline 

marshes and offshore slope as for a variety of So values 
and onshore slopes (3 = 90° (i.¢- 3' l.I0n'I'¢8en€r8tiV¢ 

marsh). 
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as or -> 90°. For the parameters of Figure 17, this li_mit_ing 
value of An/A0 as seen from equation (12) is 1- Rn/d = 0.2. 

Figure 18 il_lu_strates this non-equilibrium (I3 = 906) 
concave marsh. situation and the response of An/A0 vs. or 
to changing R,-, values (S3 is fixed at 250 m). Clearly, such 
a situation may only result in a decrease in marsh area with 
increase in persistent water level. For comparison, Figure 19 
illustrates the non-equilibrium situation for a linear shore- 
line marsh (so very lar'ge') and once. again the r'1ea‘r‘-linea"r be‘- 
haviour of concave marshes (Fig. 1.8) at large values of 02 
is distinctly evident, the departure from near-linear be- 

haviour dramatically increasing‘ as oz’ drops below 1° or 2°. 

While, for Rn > 0, the geometric marsh factor 

En '1' Sn 
E0 + so 

for a concave shoreline marsh is always >1, this same factor 
for a convex‘ shoreline marsh is always <1. Quite simply 

1.0 

0.8 02 
0.3 
0.4 

0.6 — 

0.5 - 

0.4 - 

06 

Q8 
0.3 ‘ 

0.2- 

1.1 

An 
A . ° .08 — 

.06 - 

.05 — 

.04 A 

-03 CONCAVE - 

.02 ,3 - go“ 

so = 250 nietres 

.01 
0,1 1.0 10 

oz ( DEGREES) 

Figure 18. Relationships between An/A0 for concave shoreline 

marshes and offshore slope oz for a variety of Rnvalues 
and onshore slope B = 90° (i.e. a non-regenerative 
marsh). 
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expressed in terms of So, Rn, be, or and 8, this factor 
becomes: 

.E.n,i_§h. R" 
5° :86 concave 

= 1 + 230 ‘ bo (cot a + cot 
fl()1 

18) 

= 1- __E”_...._. (cotoz+cot 3) 
E0 + 50 convex 25° + b° (1 1b) 

Figure 20 illustrates the_ convex shoreline marsh fac- 
tor (<1) for a fixed Rn = 1 m, and a fixed (3.: 1° depicted 
as a function of oz for a family of S0 values. Clearly, each 
So value has its own associatedgeometric factor which is 

almost independent of oz for all but the smallest and largest 
of marshes. When the geometric factors of Figure 20 are 
m_ultip_lied by the corresponding bn/bo ratios for a fixed 
Rn = 1 m and [3 = 1°, the family of curves shown in 
Figure 21 results. For comparison, the linear shoreline 
marsh ($9 very_ large) is also shown. Figure 21 illustrates 
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Figure 19. Relationships between bn/be for linear shoreline 
rfn'ar'shes ifiid offshore slope at for a variety of Rn values 
and onshore slope £3 9 90° (i.e. a non-regenerative marsh). 

that the An/A0 values for a convex shoreline marsh are 
always less than the bn/bo values for a linear shoreline- 
marsh; the larger the convex marsh, the more closely it 

resembles a linea_r marsh; and the areal extent of the con- 
vex marsh may be either reduced or increased subsequent 
to a persistent water level elevation followed by vegetative 
equilibrium. The transition from areal extent reduct_i_on_ to 
areal extent expansion, as seen previously, occurs at a=B 
for-linear shoreline marshes. However, such transition occurs 
at oz > B for convex shoreline marshes (just the opposite of 
the situation for concave shoreline marshes wherein such 
transition occurs at 0; .< B). The extreme case for which no 
vegetation equilibrium is established ([3 

=” 90°) for the con.- 
vex shoreline marsh is shown in Figure 22, again for 
Rn = 1 m. The linear marsh situation (again, as in Figs. 17 
and 19) is represented by a fixed value 

with the family of curves repres_enti_ng the various convex 
bma_rsh_es lyi_ng below this linear value. 
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Figure 20. Relationships between the convex shoreline nj|_aI_.rs_l_I 

fact!!!‘ (En + Sn)/(E0 + So) and offshore slope ok for a 
variety of So values. . 
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Figure 21. Relationshijss between An/A0 for convex shoreline 
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Figu_re .23 (which may be direct_ly compared with its 

concave shoreline counterpart i_n Fig. 14) indicates the 
family of curves representing An/Ag as a function of oz for 
convex shoreline marshes with a fixed 80 = 250 m, a fixed 
[3 i 1°, and a variety of persistent water levels Rn above 
zero water level datum where 0 < Rh < d. The simi_larity 
of Figure 23 to Figure 14 is very apparent, a principal dif- 
ference being that the hinge point at which An = A0 for 
concave shoreline ‘marshes occurs at a value of on < B 
(Fig. 14), while the hinge point at which An = A0 for con- 
vex shoreline marshes occurs at a value of at > B (Fig. 23). 
The hinge ‘point at "which An = A0 for linear shoreline 
marshes occurs, of course, at or = (Fig. 13). 

Figure 24 (comparable to its concave shoreline marsh 
counterpart of Fig. 18) represents the non-equili_br__ium 
(B = 90°) convex marsh situation for S0 = 250 m and the 
variable Rn values of Figure 23. At large values of at, both 
concave and convex marshes approach linear 'be_ha_vi‘ou,r 
(Fig. 19). At lower values of 01, the departure from linear 
behaviour becomes more pronounced with" decreasing a,_ 

the concave marshland (Fig. 18) increasing above the linear 
value, and the convex marsh_land (Fig. 24) c_l_ec_reasi_ng[belgw 
the linear value. All three shoreline marshland types (linear, 
concave, and convex), however, manifest‘ as reduced" areal 
extent when subject to prolonged increases in water level 
for the case of total inability to‘ establish a vegetation 
equilibrium (i.e‘. the case defined by B = 90°).
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CHAPTER 4 

Geometric Marsh Model: Elliptical Shorelines 1 

Figure 25a illustrates a general elliptical shoreline 

marsh condition that might typify the convex nature of 
some is_|ands and headlands. The ellipse is defined by axes 
of lengths u and v. The ma_rs_h parameters (consistent with 
the E and S distance parameters of the convex shoreline 
sit_ua_tion of Fig. 4) associated with these axes are taken as 
Eu," Sn, Ev and SV, respectively. For the two distinct 

conditions of water level Fin (above zero water level datum) 
a_nd R0 (zero water level datum), the eight geometric marsh . 

parameters become Eon, Enu, Sou, Snu, Env, Env, Sm, and 
Sfiv. 

For a completely elliptical convex marsh (e.g. an 

elonga_ted island"), An/A0 may be approximated as: 

An TlEnu Env ' Tlsnu Snv 

Ac 7TEou Eov ' "Sou Sov 

(14) 

b b 
(En’u'*' Snu) bgfi + (Env + Snvir r‘b2‘:’ 

= M b 
_ A 

Eov”‘3ov "' (Eou + Soul B91 
. ou 

where bnv/hon is the rat_io of the new marsh linear distance 
(Eny - Snv) along the v-axis at water level Rn to the original 
ma_rsh linear dist‘a'nc'e (Eou - Sou) along the u-axis at zero 
water level R0; bnu/bou is the ratio of the new marsh linear 
distance (Enu - Snu) along the u-axis at water level Rn to 
the original marsh linear distance (Eon - Soul along the 
u-axis at zero water level; bgv/bou is the ratio of.t_he original 
marsh linear distance (Em, - Sov) along the v-axis to the 
original marsh linear distance (Eon — Sou) along the u-axis. 

Obtaining a linear shoreline equivalent for an ellipti- 
cal configuration poses certain problems, since associat_ed 
with every marsh dimension between u and v is a specific 

20 

(oz, fly) set. Consequently, ea_c_h point on the circumference 
of the ellipse is defined by a distinct pair of slopes, and 
therefore _a spectrum of bn values em'e'r'g'es. (It is this ‘varia- 

tion in slopes that necessitates the cross-"axial ratios of 
equation (14). If it is assumed that the angle Q is a con- 
stant (i.e. the offshore slope remains invariant along the 
elliptical shoreline) and that B varies to accommodate the 
marsh area physically, then the values of bn/bo can be seen 
to vary from a minimum value bnv/bov along the v-a_xis to 
a maximum value bnu/bou along the u-axis. 

Similarly, the general elliptical shoreline condition 
that might typify the concave nature of some bays and 
bights (shown in Fig. 25gb) can also be expressed by the 
governing equatio_n (14). A qualifier analogous to the use 
of this equation for both convex and concave elliptical 

shorelines applies as for the use of equation (9) for both 
convex and concave shoreline marshes. For convex shore-1 
lines En < En and Sn < Sn for both the‘ u-and v-axes and 
for concave shorelines En > [So and Sn >. So" for both axes. 

To display graphically the roles of 0;, 6, En, and 
ellipticity on the effects of persistent water l_eve| fluctua- 
tions on convex and/or concave elliptical shoreline marshes, 
it is conveni"ent to expand equation ('14) in terms of the 
geometric parameters of Figure ~25.c.-Herein is depicted 
an ellipse with axes u and v and an ellipticity factory 7 
defined as the ratio v/u. Sincje u‘ may be >v, <v,_ or = v 

(i.e., u may be a major or minor axis), ‘y may be < 1, > 1 

or = 1, respectively. Even though each poi_nt on the circum- 
ference of the ellipse is defined by an independent (oz, 3) 

set, only two input (oz, 5) sets require consideration‘, namely 
an and {in associated with the u-axis, and av and By associ- 
ated with the v-axis. To generate families of curves which 
may be compared with the families of curves already gen- 
erated for linear, concave and convex shoreline marshes, 
An/A0 values "for convex and concave elliptical shoreline 

marshes will be calcu_lated and displayed as a function 
of an, viz. the offshore slope associated with the u-axis 
of the elliptical configuration of Figure 25c. Consistent 
with this manner of interrelationship presentation, is the 
consideration of (bn/bo) along the u-axis as the linear
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shoreline marsh equivalent, i.e., the linear equivalent in the An/A0 equations for convex and concave elliptical 
(bn/bo) is taken to be (bnu/bou). This is reflected below shoreline marshes.
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where the terms are a_s previously defined. 

(16) 

In an analog identical with equations (8) and (9), the 
square-bracketed portions of equations (15) and (16) repre- 
sent the convex» and concave elliptical marsh factors, factors 
which, when divided into measured‘ (An/Alo) ratios for 
elliptical 'r"na'rshes subjected to persistent water level changes, 
will yield. 'reIat_ed linear marsh ratios (bn/bo) along the 
u-axis. 

Figure 26 illustrates the family of curves of (An/A0) as 
a function of olu for _a concave elliptical marsh of fi3<ed 
av = 1°‘, fixed Bu = 2°, fixed [iv é 2°, and fixed persistent 
water level increase Rn = 1 m. The ellipse factor 7 = {I is 

taken as 0.5-, and Sou is taken to vary between 150 m and 
co (_i.e¢. very large). ‘Figures -27 and 28 illustrate the com- 
parable’fa”mi|i‘e‘s of cur-'ves for ‘y = 1 (i.e. circular concave 
marsh) a_nd 7 2 10, respectively. Figures 26, 27 and 28 re- 
present the condition in which maximum vegetative equi- 
librium may be readily established. 

Figures 229,. 30 and 31 illu'st'r'a't'e the An/A0 versus ozu 
fa'nf1il_ies of curves for fixed values av = 1°, Bu = 2°, av = 90° 
(i,e., rockyor steep shorelines pe_rp_end_icular to the v—axis) 
and Rn = _1 m for 7.; 0.5, 7 TE 1 and_ 7 = 10, respectively.
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Figure 26. Relationships between An/A0 for concave elliptical 
shoreline marshes and principal axis offshore slope oz“. 
and ellipticity factor 7 = 0.5" for a variety of So v'alu‘e‘s. 
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shoreline marshes and principal axis offshore slope cc‘; 
and ellipticity factor 7 = 1.0 for a v'a'riet'y' of So values. .
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shoreline marshes and principal axis offshore slope at“ shoreline marshes and principal axis offshore slope an 
and ellipticity factor 1 = 10 for a varietylof S0 values. and ellipticiity factor 7 = 1.0 for a variety of So values 

and {iv é 90°" (i.e. partially non-regenerative marsh). 
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Figure 29. Relationships between An/A0 for concave elliptical Figure 31, Relationships between An’/A0 for concave elliptical 

shoreline marshes and principal axis offshore slope oz“ sho'reline marshes and principal axis offshore slope an 
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Clearly, suchvrestraints on vegetative regeneration result in 
ma_rs_hl_a_n_d areas considerably smaller than would be expected 
un_c_ler conditions favouring vegetative equilibrium (as 
shown‘ in Figs. 26‘, 27 and 28). The higher the ellipticity 
factor 7 for the case of (iv = 909, however, the closer the 
family of curves is to the case of regenerative vegetation 
(compare Figs. 28 and 31). This is a direct consequence of 
the considerably reduced im‘pa'ct of [iv upon the total 
elliptical area] extent for high '1 Values. Such a situation of 
high '7 coupled with [iv = 90° is, however, not frequently 
encou’ntered in wetland studies-. Fa_r more frequently 
en_counte_red_ is the situation in which {iv = 90° and '7 is signi- 
ficantly < 1, as sketched in Figure 256. This represents the 
estab'lishrnent of marshes eit_h_er in, coves or in river mouths, 
and assuming either concave elliptical or concave semi- 
elliptical configurations surrounded by high bluffs physi- 
cally oriented roughly parallel to the principal direction of 
water flow. 

The effect of varying Bu for a concave elliptical 
marshland capable of sustaining vegetative equilibrium is 

illustrated in Figu_re,s 32, 33 and 34. Herein are depicted 
the. families ‘of curves of Ah/Ad as a‘ function of an for a 

fixed av = 1°, (iv = 2°, sou = 250 ‘m and an = 1 m for 
7' = 0.3’-,— ‘y »= .,0-,- and 7 =. 10, respectively. The values of Bu 
range fr.o'r'r"i 19 to 909. C'l,earl_y,- for each value of ellipticity, 
in_cre,a_si,ng the values of flu results in further depressed 
va.lu.es of An/A0.

V 

The c‘.or‘resp'ondinig situations "resulting from varying. 
flu for a concave _el_l_ipt_ica| marsh, that cannot sustain vegeta- 
tive equilibrium along the v-axis, (i.e. B‘, = 90°) are illus- 

trated in Figures 35, 36 and 37, which refer to 7 = 0.5, 
'7 = 1' and 7 '= 10, i"es'peetively', all other parameters being 
identical With those used to generate F‘igures_32, 33 and 34. 
Once again the effect of.rest_ri_ct_i_ng“vegetation regeneration 
results in reductions in An/A0 from what would be antici- 
pated in the absence of ‘such regeneration restrictions, the 
departures from such unfettered" An/A0 values becoming 
much less sig‘ni‘f‘i"cent with increasing values of 7 (compare 
Figs. 34 end 37)». 

in a si“mi|ar- m,an,ner, Figures '38, '39 and 40 illustrate 
the families of curves resulting from varying the value 
of- the persistent water level 'inc_reas_e Rn on a totally regen- 
erative f'nar~s,hla,nd region defined by fixed values av = 1°, 
5v =- 2°, Bu = 2°, and Sou E 250 in. ’The_ figures represent 
7's of "1.0 -and re‘spe'ctively.The comparable situa- 
tiohs for complete restriction of vegetative regeneration 
(i;.e._.{3V .—- 90°) are depicted in Figures 41,42 a_nd 43. 
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Frigtjire 32. Relationships between An/A0 for concave -elliptical 

shoreline marshes and principal a_3_r_is offshore slope oz“ 
and ellipticity factor 7 = 0.5 for a variety ‘of 6“ values. 
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Relationships between An/A0 for concave elliptical 

shoreline marshes and principal axis offshore slope an 
and ellipticity factor 7 = 10 for a variety of flu values. 
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shoreline marshes and principal axis offshore slope mu 
and ellipticity factor 7 = 0,5 for a variety of B“ values 
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shoreline marshes and principal axis offshore slope at“ 
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Figure 39. Relationships between An/A0 for concave elliptical 
shoreline niarshes and principal axis offshore slope an 
and ellipticity factor 7 = 1.0 for a variety of Rn values. 

Figure 3_8. Relationships between An/A0 for concave elliptical 

OONCAVE so - 250 metres 
ELLIPTICAL 7 = 10 

av - 1° 

Bv ' 20 

flu? 20 an 1.25 rnetrea~ 
e 

n,,- 0.1 _ 1- 
A — ° 0.3- 

06- 
0.5‘ 
0.4- 

0.3- 

0.2-‘ 

0.1 I I I‘IIII|I I I ll_IIIl 
0.1 1.0 

01“ (DEGREES) 

Figure 40. Relationships between An/Ao— for concave elliptical 
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Figure 41. Relationships bje_t_vveen An/A0 for. concave elliptical 
shoreline marshes’ and principal axis offshore slope an 
and ellipticity factor 7 = 0.5 for a var_ie_ty of Rn values‘ 
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Relationshipsbetween An/A0 for concave elliptical 

shoreline marshes and principal axis offshore slope oz“ 
and ellipt_ic_ity factor '7 = 1.0 for a variety of Rn values 
and ray = 90° (i.e. partially non-regenerative marsh). 
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Figure 43. 
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Relationships between Ans/A0 for concave elliptical 

shoreline marshes and principal axis offshore slope or“ 
and ellipticity factor 7 = 10 for a variety’ of R“ values 
and [iv = 90° '(i.'e.- partially non-regenerative’ marsh). 

It is si_ngu|a_rl.y apparent; that an ln'finit‘e set of com- 
binations of the multiplicity of parameters [('ozu., Bu), (av, 
5v‘), Sou, §5V, Rh, d, 7] involved in‘ both the concaveiel|ipti- 
cal and the convex elvliptical shoreline marshes may be used 
to generate families of curves such as those ~’re'pr‘esente‘d 
in Figures 26 through 43. The interested re_ade_r may, in-. 
deed, wish to generate such .c‘u'rves pertinent to particular 
region_s of i_nterest,, No more of these curves ‘will be gen- 
erated herein. Rather, the next four fiigures in this section 
will illustrate briefly the effect of ’_)_’ (i.e. the elliptiycjty) 
on the \:/é.|.'SVU3 dtu ‘relationshipsv. 

10 L. _.__ .. 

at CONCAVE
' 
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5 _ 

4 .. 

S9 .= 250’ metres 
. Rn-1,0 metre 

av~- 1° 

By ' 2 
flu!-2 

O5 " 

0.4 ~ 

0.3 - 

0.2 - 

0.1 urnrrrrr '| lllllll 
0.1 1.0 
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Figure 44. Relatio'rish'ips. between. An/A0 for concave elliptical 

shoreline rnal"shes"a'n_d_ principal axis offshore slope‘ oz“ 
for a variety of ellipticity factor values. 

Figure 44 iyllustrates the An/A0 versus gnu curves appro~ 
priate to a concave elliptical shoreline marsh defined by 
aV=1°,3u=2°,3VE2°,s0u=2'5om,Rn='1.om,d=1.25m, 
and possessing the capability of estab,|.ishi_ng'a totally effec- 
tive vegetation equi'lib’ri_u’mr, for a variety of ellipticities 7 
ranging from 0.5 (describing a marsh foreshortened in the 
v-axis) to 10 (describing a marsh foreshortened in the 

u—a”xis). The salient features of if-'i'g'ure 44* are the following: 

(a) A distinct hinge point is evident in the family of 

curves, i_ndicating that for concave e||iptica'l marshes, 
a value of ecu e_x_ists at which the value An/A0 is



independent of 7, i.e., independent of the ellipticity 
of the shoreline marsh. 

(b) For values of an less than the hinge-point value of 
au, the value of An/A0 decreases with increasing 7. 
For values of au more than the hinge-point value of 
oi”, the value of An/A0 increases with increasing 7. 

(c) Depending upon the geometric slopes of the con- 
fining m_arsh basin, the area_| extent of a tota_l|y 

regenerative concave elliptical shoreline marsh may 
either increase An/A0 > 1 or decrease An/A0 < 1 

. with an increase in persistent water level. 

10 
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Figure 45. Relationships between An/A0 for concave elliptical M 

shoreline marshes and principal axis offshore slope oz“ 
for a variety of ellipticity factor values and [iv = 90° 
(i.e. partialvly n‘on-.regeneraitiv‘e marsh). 

Figure 45 illustrates the family of curves that is a 
cou,nterpa_rt to that of Figure 44, with the imposed restric- 
tion that the concave elliptical marshland be totally unable 
to esta'blish vegetat_ive regeneration equilibrium along the 
v-‘axles (i.e., {iv = 90° representing either steep or rocky 
shorelines encountered at the s't'ra'nd line). Comparing 
Figure 45 (c'on'ca‘ve elliptical marsh incapable of sustaining 

vegetative equilibrium) with Figure 44 (concave e|li'ptii:a'| 

marsh capable of readily establishing total vegetative 
equilibrium), it may be seen that: 

(a) The distinct hinge point, defining that value of oz” 
at which the value (An/A0 is independent of the ellipti- 
city 7, is found at a lower value of oz” for marshes 
not displaying vegetative regeneration than the value 
of ozu appropriate for marshes (of otherwise com- 
parable geometric configurations) which do display 
such regenerative capability. For the former situation, 
the hinge-point value of ecu < av, while for the latter 
au > av. 

(b) For values of oz” less than the hinge-point value of 
oz”, An/A0 decreases with increasing 7 with the values 
of An/A0 for the non—equi|ibrium concave elliptical 
marsh at a particular 7 being lower than the value of 
An/A0 at that 7 for the concave elliptical marsh capa- 
ble of establishing restorative equilibrium. For values 
of ozu more than the hinge-point value au, An/A0 
increases with increasing 7, with t_he values of An/A0 
for the non-equilibrium concave elliptical marsh at a 
particular 7 once again being lower than the value of 
An/A0 at that 7 for the concave elliptical marsh capa- 
ble of establishing restorative equilibrium. It is seen 
from Figures 44 and 45 that as 7 becomes larger the 
difference between the behaviour of concave elliptical 
marshes capable and incapable of establishing vege- 
tative equilibrium along the v—axis becomes increas- 
ingly smaller as both shore|ine marsh types approach 
the condition of ideal linear marshland response. 

In a comparable manner, the effects of 7 on convex 
elliptical shoreline marshes are briefly indicated in Figures 
46 and 47. Figure 46 illustrates the effect of 7 on the 
An/A0 vs. ozu relationship for a‘ convex elliptical marsh of 
fixed parameters av = 1°, Bu = [iv = 2°, Sou = 250 m,- a_nd 
Rn = 1.0 m. The shoreline marsh is taken to posses_s com- 
plete vegetative equilibrium capabilities. The corresponding 
situation for this convex elliptical marsh incapable of 
establishing v—axis vegetative equilibrium (i.e. Bv = 90°) 
is shown in Figure 47. The similarities and differences 
between these two convex elliptical shore|ine marshes and 
their concave cou‘n't'er'parts (Figs. 44 and 45) are clearly seen. 

Obviously a plethora of curves may be.co’nst'ructed 
for convex elliptical shorelines, i_l|ust,rati_ng the impact on 
An/Aoresulting from changes in Rn, Sou, (Otu, Bu), (av, (iv) 
and Rn. The consideration of the spectr'u'm of intermediate 
vegetative equilibrium capabilities inclusive, from total 
regeneration to zero regeneration further compounds t_h_is 

plethora. It is felt, however, that the large albeit extremely 
limited and restrictive, examples illustrated in this section
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Figure 46. llelationships between An/A0 for convex elliptical Figure 47. Relationships between An/A-0 for convex elliptical 

shoreline marshes and principal ax_i_s offshore slope ozu shoreline marshes and principal axis offshore slope an 
for a variety of ellipticity factor values. for a variety of ellipticity factor values and B9 = 90° 

(i.e. partially non-regenerative marsh). 

(coupled with the equally limited examples of linear and impact of the geometric physical basin parameters on the 
convex-/concave shoreline marshes ‘presented in earlier sec- vulnerability of shoreline marshes to prolonged changes in 
tions) will serve to illustrate adequately the nature and water levels.

'
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Marsh Model Computer Program 

Throughout this report have appea_red a large, but 
certainly not exhaustive, number of figures displaying the 
impact on geometrically describiable marshlands of persis- 
tent changes in ambient water levels. To be of maximum 
use to i_nt_erest_ed researchers and/or environmental man- 
agers, some provision should be made to allow application 

‘ of this conceptual mathematical model to local marsh areas 
of specific interest and concern. Therefore a "user-friendly” 
interact_ive computer program, MARSHMODEL, was 
devised. It is written in IBM PC BASIC language 
(Appendix). 

Up to ‘now it has been explicitly assumed that all 

values of persistent ambient’ water levels Rn (reckoned from 
the zero water level datum) are positive but do not exceed 
an increase greater than the value of cl pertinent to the 
marsh in question, i.e. 0 < Rn < d. Althoughthe cases of 
Rn lying outside this range were considered in det_a_il for 
linear shoreline marshes, no such detail was considered for 
concave/con'vex or elliptical shoreline marshes. Indeed, 
most ambient ‘water level conditions in North America, 
particularly within the past couple of decades (which have 
been largely characterized by persistent water levels above 
the zero water level datum), are satisfied by the Rn range 
0 < Rn < cl. Furt_her, the conceptual geometric marsh 
model derived in this report is adequately described with- 
out the need to c_om_p|icate further its presentation by 
considering, in detail, the cases for Rn < 0 and Rn > d. 
"Nevertheless, the situations'for which Rn may become 
negative (i,e., below the strand line which is taken to define 
zero water level datum in this model) or substantive enough 
to inundate the emergent marsh vegetation (i.e. Rn > d) 
have been historically encountered and will again be 
encountered in some instances. Consequently MARSH- 
MODEL has been written to include the possibility of Rn 
exceeding, in ei_t__h,e_r direction, the limits 0 < Rn < d. The 
governing equations for these situations, assuming that 
vegetative equilibrium may be ultimately established be- 
tween marsh and onshore terrains, may be shown to be as 
follows: 

I"-‘or’/?_,, < 0 

(a) Linear -Shoreline 

An 
70 =1 (17) 

CHAPTER 5 

(b) Concave Shoreline 

An 
1 + 

2Rn cot a 
A0- 2So—dcotoz (18) 

(c) Convex Shoreline 

An 2Rn cot oz 
Ao_ -2S0+dcotoz (19) 

(d) Concave Elliptical Shoreline (eq. (20) below) 

An 
1 

2Rn cot an cot av 
__.= + ' 

Ac Sou cot av + Soy cot an - d cot an cot av 

(e) Convex Elliptical Shoreline (8Cl- (21) below) 

An 2Rn cot an cot av __ = 1 - 
A0 Sou Cot av + SQV COt au + d Cdt au COT UV 

For Fl,-, > d 

(a) Linear Shoreline 

E _ cot (3 
A0 

— 
cot or (22) 

(b) Concave Shoreline 

An _ 230 + (2Rn — d) cot B cot 8] 
K0. _ 2S0 — d cot oz cot oz] (23) 

(c) Convex Shoreline 

in = 250 - (2Rn - d) cot Ill.)-cotB 
A0 280 + d cot or J Loot oz (24) 

(d) Concave Elliptical Shoreline (eq. (25) below) 

An Sou cot flv + Soy C0t flu + (2Rn - d) Cot Bu COT five‘ 
A0 

I 

Sou cot Olv + Sov cot an — d cot an cot av
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(e) Convex Elliptical Shoreline (eq._ (26) below) 

An Sou COT 5v + Sov COT flu, - (2Rn ° d.) COT 5g 00'! Bv To: A 

Sou ‘cotlav + Soy cot at” + d cot au cotozv 

where all terms are as previously defined. 

Note that equations (17) to (21) for Rn < 0 are in- 
dependent of the onshore sl_ope angle 5. Equations (22) to‘ 
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(26), however, are not i_nd_ependent of the onshore slope 
angle 6. For the case of Rn > d, therefore, the governing 
equ,at_ion_s for -the sit'ua'tion in which no vegetative equili- 
brium may be established are given by sub'stit'Uting‘B =" 90°. 

The governing‘ e’qu'ati'ons for the situation's0 < Rn < d 
are as given in the text, and these equations are also in- 

corporated within MARSH MODEL.'Th_e c_o,mput_e,r program 
a_utomati<f:'al,|y selects the "appropriate methodology from 
the parameters directly supplied to it by the user_.



Conclusion 

Both short-term (i.e. sea_son_al) and long-term (per- 
sisting for periods of time significantly longer than seasonal) 
water level fluctuations" are vitally important to the estab- 
lishment and continuing and/or" evolving status of shoreline 
wetland domains. Both natural and artificial activities 
which directly impact on such water levels must, therefore, 
be evaluated and considered in terms of their effect on the 
amount of wetlands that would survive or be t_ra_nsformed 
as a consequence of such water level changes. This report 
has considered the effects of prolonged water level fluctua- 
tions on shoreline marshes of the kinds found in t_he Great 
Lakes (or comparable fresh Water) basins. 

Despite the full realization that the marsh is a com- 
plex dynamic con‘se‘quen’ce of the interplay among a cluster 
of physical, ¢h‘e‘rh‘i’c"al and biological parameters defining 
and diE:'tfat_i_ng ._th_e behaviour of flora, fauna, and myriad 
air. water, and. land interactions, the authors have restricted 
the focus of the report; to the geometric parameters de- 
fin'ir'ig the basin terrain. A conceptual, simplified mathe- 
matical model has been presented, which attempts to relate 
persistent water level flu_ct_u,ations to the areal extent of 
shoreline marshes. The fundamental treatise of t_hi_s model 
is the acceptance that knowledge of terrain slope angles 
both offshore arid onshore will enable a calculation of the 
amount of l_a__nd subjected to inun‘d'ation and/or water level 
recession. Such a math‘em‘atica| calculation, however, does 
not enable a precise estirnate of permanently destroyed or 

CHAFTER 6 

totally/partially regenerated marshland. Rather, two op- 
posite extremes of such marshland re-emergence sub- 
sequent to a persistent water level f|u_ct_u_atio_n are con- 
sidered. These two cases are taken to represent maximum 
marshland re-emergence (assuming a vegetative comrnunity 
equilibrium may be established between shoreline marsh 
and meadow/swamp regimes) and minimum marshland ‘re- 

emergence (assuming no such vegetative equilibrium may 
be established). 

It is indeed intended that the conceptual mathemati- 
cal marsh model presented and discussed herein may find, 
direct application to the use of synoptic overviews, (both 
aerial and satellite) of marsh regimes associated with various 
water levels. Such, mathematical descriptions of the impjagct 
on areal extent of marshlands (of both classes of _regenera- 
tion capabilities) br'ou'gh't about by persistent water level 
changes may be of consequence to water managers and 
planners, particularly when large-scale water diversion 
schemes are being considered. 

The model presented in this report-, along with the 
restrictions which must be adhered to when attempting 
to use its predictive and interpretive capabilities, is cur- 
rently being evaluated in a consideration of historical air-T 

borne data acquired over shoreli_ne marsh areas in the 
Georgian Bay/North Channel region. The results of this 
investigation should soon be available: 
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Computer Program Listing 

The "user-friendly” interactive computer program 
MARSH MODEL is designed to determine the areal extent of 
marshland that will result from a given c_hange in persistent 
ambient water level. While the use of this computer model 
is facilitated by the liberal appe'ara'nc'es of menus and user- 
prompts for inputs, a very brief description of the program 
here precedes its actual li_ne-by-line inclusion. 

MARSVHMOD EL presents as its output the resulting 
marshland a_real extent (subsequent to a time lag which 
either results in total vegetative regeneration or in total 
vegetative no'n-re'g'eneratio'n) following an increase or de- 
crease in persistent water level. This output is also pre- 
sented a_s a percentage increase or decrease in areal extent 
from the initial area. To’ ope'r"a'te the program, it is antici- 
pated that the following information could be supplied to 
the u_ser prompts: 

(a) Marsh Geometry: To be selected from a choice of 
linear, concave; convex, conc_ave elliptical, or convex 
el|_iptic_a|. 

(b) Ellipse Shape Input Specification: Required if ellipti- 
cal geo'r'netry is selected. The choice is provided of 
specifying Sou and Soy, the semi-axial lengths along 
the u— and v-axes of the elliptical marsh at zero water 
level datum, or alternatively, a format using Sou and 
the ellipticity factor 7 (7 = Soy/Sou) to provide 
consistency with the illustrations present in this 
report. 

((3) Slope Input Format: To be selected from a choice of 
angles (in degrees) or rise/run ratios (expressed 
as 1 in x—). This latter ratio terminology would per- 
haps be more convenient when actual collected field 
data are used, and circumvents the necessity of deter- 
mining angular values for the terrain slopes. 

(d) ‘Emergent Vegetation Limit: This report has assumed, 

, 
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for the most part,‘ an emergent vegetation limit of 
1.25 m. However, actu_a| field measurements or inti- 
mate marsh knowledge may cause this figure to vary. 

(e) Offshore and Onshore Slopes or Slope Angles: For 
an elliptical geometry, both u—axis and v-axis parame- 
ters are required. 

(f) S0 or (Sou, Soy) or (Sou, 7): These parameters are 
required for nonlinear geometries. 

(g) lnitial Water Level: Expressed as an offset from zero 
water level datum, either as positive or negative. 

(h) Subsequent Water Level: Again expressed as a posi- 
tive or negative offset from zero water level datum. 

(i) Initial Marsh Area: To predict changes in marsh area 
resulting from persistent ambient water level changes 
occurring for conditions of maximum wetland regen- 
eration,vsimply operate the program as guided by the 
”u__ser-friendly" instructions.‘To predict changes i_n 

marsh area resulting from persistent ambient water 
level changes occurring for conditions of zero wet- 
land regenerat_ion, substitute onshore slope angles of 
90° in place of the true onshore slope angles. (This 
entails a direct substitution of 90° if the “angles” 
slope input format is selected, or a substitution of 
0 if the ”1 in x ratio” slope input format is chosen.) 

Warning messages are flashed to the user if parameter 
inconsistencies are encountered. An example would be 
the relative magnitudes of the terms d cot or (the magnitude 
of the linear offshore extent of the marsh) and So (the 
distance from the centre of curvature of a curved shoreline 
marsh to the strand line). For concave geometr_ie_s, the situ- 
ation for which d cot at > So defines an impossible geo- 
metric configuration, and the user is informed should the 
input data contain such incompatibilities.
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10o 
101 
102 
103 
104 
105 
105 
TO? 
108 
109 
110 
111 
112 
113 
114 
115 
115 
117 
118 
119 
12O 
121 
122 
123 
124 
125 
126 
127 
128 
129 
130 
131 
I32 
133 
134 
135 
135 
137 
138 
139 
140 
141 
142 
143 
144 
145 
145 
147 
148 
149 
15a 
151 
152 
153 

’ N H R S H N 0 D E L 

' THIS PROGRHM IS DESIGNED TO ESTIMBTE QN RN INDIVIDUHL MARSH BRSIS; 
’ THE IMPACT ON THE EXISTING SHORELINE HHRSH HCRERGE RESULTING FROM 9. 
' LONG-TERM CHHNGE IN THE HMBIENT BHSIN UHTER LEVEL. 

‘ FROM: 

' H MHTHEMHTICHL DESCRIPTION OF THE EFFECTS OF PROLONGED UHTER LEVEL 
' FLUCTUHTIONS ON THE HREHL EXTENT OF MHRSHLHNDS 

’ BY: 

’ R.P. BUKRTH, J.E. BRUTON, J.H. JEROME, RND U.S. HHRHS 

OPTION BRSE O 
DEFDBL R-F,L,O—2 
DEFINT G~K,M—N 
OIM R(21,R<21,IR<2> 
KEY OFF 
BLHNK$=SPRCE$(77) 
BOROER$=sTRIN6m<77;2O51 
FMT$=”#######.###“ 
LF$=CHR$(10) 
OE5TORRO=RTN(1#>/454 
ON ERROR SOTO 3000 
CLS

' 

GOSUB 1000 
PRINT "ENTER DESCRIPTIVE TITLE "; 

GOSUB SOOO
' 

GDSUB TODD 
LINE INPUT;TITLE$ 
CLS 
PRINT TITLE$+LF$ 
PRINT ”MRRSH GEOMETRIES”+LF$ 
PRINT “LINEHR 1”+LF$ 
PRINT "CONCHVE 2“+LF$ 
PRINT ”CONVEX 3"+LF$ 
PRINT "CONCHVE ELLIPTICHL 4“+LF$ 
PRINT “CONVEX ELLIPTICHL 5" 

GOSUB 1OOO 
1NPUT;”SELECT MARSH GEOMETRY RNO ENTER CORRESPONDING NUMBER “,GEOM 
IF NOT (1<=GEOM HND GEON<=S) THEN-ERRORPZSB 
IF GEOM<=3 THEN GOTO T55 
CLS 
PRINT T1TLE$+LF$ 
PRINT “ELLIPSE SHAPE SPECIFICHTION“+LF$ 
PRINT "SPECIFY Sou RNO Sov. 1”+LF$ 
PRINT "SPECIFY Sou RND GHMMR 2“ 

GOSUB 1000 
INPUT1”SELECT ELLIPSE SHRPE SPECIFICHTION ”,IE



154 
155 
155 
157 
158 
159 
15a 
151 
152 
153 
154 
155 
156 
157 
158 
159 
170 
171 
172 
173 
174 
175 
175 
177 
178 
173 
I80 
151 
182 
183 
194 
135 
188 
187 
188 
199 
19¢ 
131 
192 
193 
134 
195 
155 
197 
198 
195 
200 
2o1 
202 
203 
2@4 
205 
zws 
ZQ7 

IF IE<>1 HND IE<>Z THEN ERROR=255 
CLS 
PRINT 
PRINT 
PRINT 
PRINT 
GOSUB 109% 
INPUT;”SELECT SLOPE INPUT FORMHT ”,IS 
IF IS<>1 RND IS <>2 THEN ERROR=255 
CLS 
PRINT TITLE$+LF$ 
ON GEOM GOTO 1ES,1B8,17®,172,174 
GEOM$=”LINERR“ 
GOTO 175 
GEOM$=“CONCRVE” 
GOTO 175 
GEOM$="CQNUEX“ 
SOTO 175 
6EOM$=”CONCfiVE ELLIPTICHL” 
GOTO 175 
GEOM$=“CONVEX ELLIPTICHL“ 
PRINT ”MfiRSH GEOMETRY IS “+6EOM$+LF$ 
PRINT “EMERGENT VEGETHTION LIMIT d“+LF$ 
ON GEQM GOT0 178,178,178,186,18B 
ON IS GOTO 179,182 

TITLE$+LF$ 
"SLOPE FORMHTS”+LF$ 
"SLOPE INPUT RS RRTIO (1/X) 1"+LF$ 
“SLOPE INPUT HS RNGLE (DEGREES) Z“ 

PRINT "OFFSHORE SLOPE ONE IN”+LF$ 
PRINT "UNSHORE SLOPE ... ONE IN”+LF$ 
GOTO 184 
PRINT "OFFSHORE SLOPE HNGLE “+CHR$(Z24)+LF$ 
PRINT "ONSHORE SLOPE HNGLE ”+CHR$(2Z5)+LF$ 
IF GEOM<>1 THEN PRINT “RRDIUS OF CURVHTURE So”+LF$ 
GOTO 199 
ON IS GOTO 187,192 
PRINT “U HXIS OFFSHORE SLOPE “+CHR$(2Z4)+”u ... ONE IN" 
PRINT "U HXIS ONSHORE SLOPE "+CHR$(Z?5)+”u . ONE IN”+LF$ 
PRINT "V HXIS OFFSHORE SLOPE "+CHR$(2Z4)+“v ... ONE IN" 
PRINT “V HXIS ONSHORE SLOPE “+CHR$(Z25)+”v . ONE IN”+LF$ 
GOTO 186 
PRINT “U HXIS OFFSHORE SLOPE RNGLE ”+CHR$(ZZ4)+”u" 
PRINT "U HXIS ONSHORE SLOPE HNGLE "+CHR$(Z2S)+“u"+LF$ 
PRINT “V RXIS.OFFSHORE SLOPE ANGLE "+CHR$(2Z4)+“v” 
PRINT "V HXIS ONSHORE SLOPE HNGLE "+CHR$(22S)+"v“+LF$ 
PRINT “U HXIS SEMI-HXIHL DISTHNCE Sou” 
IF IEE1 THEN PRINT "V HXIS SEMI~fiXIHL DISTHNCE Sov“+LF$ 
IF IE=Z THEN PRINT ”ELLIPSE SHHPE SPECIFICHTION GRMMfl“+LF$ PRINT ”INITIfiL URTER LEVEL RELHTIVE TO DRTUM“ 
.PRINT “SUBSEQUENT UHTER LEVEL RELHTIVE TO DRTUM“+LF$ 
PRINT "INITIAL MARSH AREA“ 
PRINT ”PREDICTED MHRSH HREH” 
PRINT "PER CENT CHANGE” 
GQSUB 1090 . 

INPUTT”ENTER‘EMERGENT VEGETHTION LTNTT d ",0 
IF p<¢ THEN ERROR=2S5 
LOCHTE 5,55
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208 PRINT USING FMT$1D; 
209 ON GEOM GoTo 210,210,210,251,251 
210 GOSUB 1000 ‘ 

211 ON IS GOTO 212,218 
212 INPUT;"ENTER OFFSHORE SLOPE ... ONE IN ",SLHI 
213 IF sLH1<0 THEN ERRoR=255 9 

214 sLH=9LH1 
215 LOCHTE 7,55 
215 PRINT USING FMT$:SLfl1: 
217 GOT0 225 
219 PRINT "ENTER OFFSHORE SLOPE RNGLE “+CHR$<224); 
219 INPuT;“ ",sLH2 
220 IF NOT <0<=sLH2 HND SLH2<=9@) THEN ERRoR=255 
221 IF SLH2>8S.S9B THEN sLH2=89.999 
222 IF 9LR2<.001 THEN 9LH2=.001 
223 SLH=I/TflN(SLHZ*DEGTORHD) 
224 LocRTE 7,55 
225 PRINT USING FMT$;SLH2; 
225 50905 1000 
227 ON IS GOTO 228,234 
228 INPUT;"ENTER ONSHORE SLOPE ... ONE IN ”,SLB1 
229 IF sLB1<0 THEN ERRoR=255 
230 SLBPSLBT 
231 LOCHTE 9,55 
232 PRINT USING ENTs;sLB1; 
233 GOTO 242 
234 PRINT “ENTER ONSHORE SLOPE HNGLE "+CHR$(22S); 
Z35 INPUTi" ”,SLB2 
235 IF NOT (0<=SLB2 HND SLB2<=9®) THEN ERROR=ZSS 
237 IF SLB2>89.993 THEN SLB2=89.9S9 
238 IF SLB2<.OO1 THEN SLB2=;0OI 
Z39 SLB=1/THN(SLB2*DEGTORfiD) 
240 LOCATE 9,55 
24! PRINT USING FMT$iSLBZ5 
242 K=9 
243 IF GEOM=1 THEN GOTO 332 
244 GOSUB IOOO 
245 INPUT;"ENTER RHDIUS OF CURVHTURE So ”,S@U 
246 IF SOU<0 THEN ERRORPZSS I 

247 LOCATE 11,55 
248 K=1l 
249 PRINT USING FMT$1SOU; 
250 GOTO 332 
251 GOSU8 IOOO 
252 ON IS GOTO 253,259 
253 INPUT:"ENTER U AXIS OFFSHORE SLOPE ... ONE IN “,SLUH1 
254 IF SLUH1<O THEN ERROR=Z55 
255 SLUfl=SLUH1 
255 LOCATE 7,55 
257 PRINT USING FMT$;SLUflI; 
258 GOTO 25? 
253 PRINT "ENTER U HXIS OFFSHORE SLOPE ANGLE ”+CHR$(2Z4)+"u"; 
260 INPUT;" “,SLUH2 
261 IF NOT (0<=SLUHZ AND SLUflZ<=S@) THEN ERROR=ZS5



252 
253 
254 
255 
266 
257 
268 
259 
27% 
271 
272 
273 
274 
275 
275 
277 
278 

‘Z79 
280 
281 
282 
283 
284 
285 
288 
2'37 
288 
289 
290 
281 
292 
293 
294 
295 
295 
297 
298 
299 
3oo 
am 
31212 

303 
304 
305 
3¢6 
3%? 
3@8 
3.1213 

V31o 
311 
312 
313 
314 
315 

IF SLUA2>8S.9s5 THEN SLUA2=89.999 
IF sLUA2< oo1 THEN SLUA2=.oo1 
SLUH=1/TRN(SLUflZ*DEGTORflD) 
LOCATE 7,55 
PRINT USING FMT$:SLUHZ: 
GQSUB Tooo 
ON IS GOT0 259,275 
INPUT1”ENTER U HXIS ONSHORE SLOPE ... 
IF SLUB1<o THEN ERROR=Z55 
SLUB=SLUBl 
LOCATE 8,55 
PRINT USING FMT$;SLUB1; 
GOT0 283 
PRINT “ENTER U AXIS ONSHORE SLOPE ANOLE ”+CHR$(22S)+“u“; 
INPUT;” “,8LUBZ 
IF NOT <o<=SLU52 ANO sLUB2<=9o1 THEN ERROA=255 
IF SLUBZ>89.9S9 THEN SLUB2=89.99S 
IF SLU32<.oo1 THEN SLUBz=.oo1 
SLUB=I/TflN(SLUB2*DEGTORflD) 
LOCHTE 8,55 
PRINT USING FMT$;SLUB2; 
«=8 
GOSUB 1ooo 
ON IS-GOTO 286,232 
1NPUT;“ENTER v AXIS OFFSHORE SLOPE .. 
IF SLvA1<o THEN ERROR=2SS 
SLvA=sLvA1 
LOCATE 1o,55 
PRINT USING FMT$;SLUH1; 
GOTO 3oo 
PRINT “ENTER v AxIS OFFSHORE SLOPE ANGLE "+CHR$(224)+"v"; 
INPUT;“ ”,SLVfi2

. 

IF NOT'<o<=SLvAz ANO SLvA2<=9o1 THEN ERHOR=z55 
IF SLVfl2>89.98S THEN SLvAz=8S.9S9 
IF sLvA2<.oo1 THEN SLvAz= oo1 
SLvA=1/TANTSLvA2«OESTORAO1 
LOCATE 1o,55

\ 

PRINT USING FMTS;SLvA2; 
GOSUB 1ooo 
ON IS SOTO 3o2,3os 
INPUT;”ENTER v AXIS ONSHORE SLOPE ... 
IF sLvB1<o THEN ERROR=2S5 
SLUBPSLUB1 
LOCfiTE 11 55 
PRINT USING FMT$;SLVB1: 
GOTO 315 
PRINT "ENTER v AXIS ONSHORE SLOPE ANGLE ”+CHR$(2Z5)+”v”1 
INPUT;” ",SLVB2 
IF NOT (0<=SLVB2 ANO sLv52<=9o> THEN ERROR=25S 
IF SLvB2>89.9Ss THEN SLv52=e9.999 
IF SLvB2<.oo1 THEN SLvBz=.oo1 
SLVB=1/THN(SLVB2*DEGTORRD) 
LOCATE 11,55 
PRINT USING FMT$:SLVB21 

ONE IN “,SLUB1 

ONE IN ”,SLVH1 

ONE IN ”,SLVB1
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315 
317 
318 
319 
320 

' 

321 
322 
323 
324 
325 
325‘ 
327 
328 
323 
330 
331 
332 
333 
334 
335 
335 
337 
338 
333 
34% 
341 
342 
3453 
34-4 
345 
345 
347 

' 

3.48 
349 
351?) 
,351 
35,2 
353 
354 
355 
353 
357 
358 
359 
380 
361 
352 
383 
354 
355 
385 
387 
358 
359 

«=11 
GOSUB 1000 
INPUT;"ENTER U AXIS SEMI¥HXIflL DISTRNCE Sou ",S®U 
IF SOU<0 THEN ERROR=25S 
LocHTE 13,55 
PRINT USING FNT$;S0U; 
eosua 1000 
IF IE=1 THEN INPUT;”ENTER v RxIs SEMI-HXIRL DISTRNCE Sov 
IF IE=Z THEN INRUT:"ENTER EHNNH ”,GHMMHfl 
IF IE=Z THEN s0v=s0U*GRNNHn 
IF s0v<0 THEN ERROR=25S

‘ 

LocHTE 14,55 
«=14 
IF IE=1 THEN PRINT USING FMT$;S@V; 
IF IE=2 THEN PRINT USING FMT$;GHflMfi# 
R(®)=® 
GOSUB 1000 
INPUT;“ENTER INITIHL HATER LEVEL RELHTIvE T0 UHTUN ",R(1). 
IF R11><0 THEN IR<1>=1 
IF 0<=R<1> HND R(1)<=D THEN IR(I)=2 
IF R<1>>U THEN IR(l)=3 
LOCHTE K+Z,S5 
PRINT USING FMT$;R(l); 
eosua 1000 
INPUT;"ENTER SUBSEQUENT NRTER LEVEL RELHTIvE TO DHTUN ",R(Z) 
IF R<2><0 THEN IR<z>=1 
IF 0<=R12> HND R(2)<=D THEN IR(2)=Z 
IF R(2)>D THEN IR(2)=3 
LocHTE K+3,SS 
PRINT USING FMT$;R(2): 
eosua 1000 
INPUT;”ENTER INITIAL NHREH HREH ",H<11 
IF R11><0 THEN ERRoR=zs5 
ON ERROR GOTO 0 
LOCATE K+S,S5 
PRINT USING FMT$;fi(1); 
LQCfiTE.Z3,1 
PRINT SPACE$(79); 
LocRTE 24,1 
PRINT-sPHcEs179>; 
LOCATE 25,1

_ 

PRINT SPHCE$(79>; 
ON GEON GoTo 3S9,35B,35S;3BZ,3SZ 
coTRLPHRU=sLH 
coTBETHU=sLB 
GOTD 365 
coTHLPHHu=sLUH 
c0TBETRU=sLUB 
coTHLPHHv=sLvH 
coTBETHvssLvB 

",s0v 

N=1 
GOSUB 7000 
R((Z))=H(1)/Q 
N=Z



370 GOSUB 7000 
371 fi(2)=fi(0)*Q 
372 LOCATE k+s,55 
373 PRINT USING FMT$;fl(2); 
374 PCC=]0®#*(H(2)-H(1))/6(1) 
375 LOCRTE x+7,55 
375 PRINT USING FMT$;PCC: 
37? RHI=—1000 
378 RLO=1000 
378 FOR I=0 TO 2 
380 IF R<I)<RLO THEN RLO=R<1> 
381 IF R(I)>RHI THEN RHI=R(I) 
382 NEXT I 

383'IUHRN=@ 
384 ON GEOM GOTO 401,385,387,388,3S2 
385 IF (80U+(RLO-D)*COTHLPHflU)<® THEN IuRRN=IuRRN+1 
388 SOTO 394 
387 IF (SQU-RHI*COTBETflU)<0 THEN IuRRN=IURRN+1 

' 388 SOTO 384 
389 IF 1S0U+<RL0-D1«coTRLPHRU1<0 THEN IURRN=IuRRN+1 
380 IF (SOV+(RLO-D)*COTHLPHHV)<0 THEN IuRRN=IwRRN+2 
331 SOTO 384 
382 IF (S®U+RHI*COTBETHU)<0 THEN IuflRN=IUHRN+l 
393 IF 1500-RHI«cOT8ETRv)<0 THEN IunRN=IwHRN+2 
384 IF IwfiRN=® THEN GOTO 401 
395 LOCRTE 22,1 
396 PRINT “ufiRNING.,.PHRflNETER INCONSISTENCY DETECTED FOR "; 
397 IF IUHRNEI THEN PRINT “U AXIS" 
388 IF IUfiRN=Z THEN PRINT "v RXIS" 
388 IF IURRNRB THEN PRINT "BOTH RXES" 
400 BEEP 
401 END 
402 I 

403 1 

1000 LOCRTE 23,1 
1001 PRINT CHR$(201)+BORDER$+CHR$(187); 
1002 LocRTE 24,1 
1003 PRINT C_H_R$( 18B)+BLHNK$+CHR$( 185): 
1004 LDERTE 25,1 
1005 PRINT CHR$(2Q@)+BORDER$+CHR$(188); 
1005 LDERTE 24,2 
1007 RETURN 
1008 * 

1002 ’ 

3000 GOSUB 1000 
3001 BEEP 
3002 PRINT “INPUT OUT OF RHNGE ... PLERSE RETRY“; 
3003 6OSUB_S000 - 

3004 BEEP 
3005 IF ERL=145 THEN RESUME 143 
5008 IF ERL=154 THEN RESUME 152 
3007 IF ERL=182 THEN RESUME 180 
3008 IF ERLPZQS THEN RESUME 204 
3009 TF ERLa213 THEN RESUME 210



46 

3010 
3011 
3012 
3013 
3014 
3015 
3015 
3017 
3018 
3015 
3020 
3021 
3022 
3023 
3024 
3025 
3025 
302 
5000 
5001 
5002 
5003 
5004 
5005 
7000 
7001 
7002 
7003 
7004 
7005 
7005 
7007 
7@®8 
7005 
701% 
7011 
7012 
7013 
7014 
7015 
7015 
7017 
7018 
7019 
7020 
7021 
7022 
7023 
7024 
7025 
7®Z6 
7027 
7028 
7029 

216 
226 
228 
244 
25! 
251 
257 
257 
284 
284 
300 
BQQ 
317 
322 
345 

IF 
IF 
IF 
IF 
IF 
IF 
IF 
IF 
IF 
IF 
IF 
IF 
IF 
IF 
IF 

ERL=220 
ERL=229 
ERL=23B 
ERL=245 
ERLbZ54 
ERL=2E1 
ERL=270 
ERL=2?7 
ERL=287 
ERL=2S4 
ERL=303 
ERL=310 
Emssm 
EMFHB 
ERL=348 

THEN 
THEN 
THEN 
THEN 
THEN 
THEN 
THEN 
THEN 
THEN 
THEN 
THEN 
THEN 
THEN 
THEN 
THEN 

RESUME 
RESUME 
RESUME 
RESUME 
RESUME 
RESUME 
RESUME 
RESUME 
RESUME 
RESUME 
RESUME 
RESUME 
RESUME 
RESUME 
RESUME 

‘STOP 

T=TIMER 
UHILE (TIMERfT){T 
UEND 
RETURN 
’

1 

ON IR(N) GOTO 700T,7@T7,7033 
LINEHR=T 
ON GEON SOTO 70@3,7005,7@07,700S,7QT3 
Q=LINEHR 
RETURN 
Q=T+(Z*R(N)iCOTRLPHfiU)/(Z*S@U'D*COTHLPHHU) 
RETURN 
Q=T"(Z*R(N)*COTRLPHRU)/(2*SOU+D*COTRLPHHU) 
RETURN 
QN=2*R(N)*COTHLPHHU*COTRLPHHV 
QD=S@U*COTHLPHHV+SQV*COTRLPHHU~D*COTfiLPHHU*COTHLPHHV 
Q*1+QN/QD 
RETURN 
QN=2*R(N)*COTRLPHHU*COTHLPHRV 
QD=S@U*COTHLPHHV+SOV*COTHLPHHU+D*COTHLPHHU*COTflLPHHV 
Q=l~QN/QD 
RETURN 
LINEHR=1—R(N)/D+(R(N)/D)*(COTBETHU/COTHLPHHU) 
FfiCTOR=T 
IF GEOM=1 THEN GOTO 7037 
BQU=D*COTHLPHRU 
BNU=(D+R(N))*COTHLPHRU+R(N)*COTBETHU 
YNU=R(N)*COTBETHU 
IF GEOM=Z THEN FHCTOR=T+(R(N)/(Z*SOU*B@U))*(COTRLPHRU+COTBETHU} 
IF GEOM=3 THEN FHCTOR=T'(R(N)/(2?SOU+B®U))*(COTRLPHHU+COTBETHU) 
IF GEOM=Z OR GEOM*3 THEN GOTO 7037 - 

B@V=D*COTHLPHHV 
BNV=(D-R(N))*COTHLPHHV+R(N)*COTBETRV 
YNV=R(N)*COTBETfiU 
IF GEOM=5 THEN GOTO 7034



7030 
"7031 
7032 
7033 
7034 
7035 
7035 
7037 
7038 
7039 
7040 
7041 
7042 
7043 
7044 
7045 
7045 
7047 
7048 
7049 
7050 
7051 
7052 
7053 
7054 
7055 
7055 
7057 

FRcToRN=~BNv+s0v+YNv+(s0U+YNU)»<BNv/BNU> 
FHCTORD=-BOV+SOV+SOU*(80V/BOU) 
FRCTOR=FflCTORN/FHCTORD 
GOTO 7037 
FHCTDRN=+BNU+SOV-YNV+(SOU-YNU)*(BNV/BNU> 
FflCTORD=+BOV+SOV+SOU*(BOV/BOU) 
FflCTOR=FHCTORN/FHCTORD 
Q=FHCTOR*LINEfiR 
RETURN 
LINEfiR=COTBETfiU/COTHLPHRU 
ON GEOM GOTO 7041,7043,7045,7047,7051 
QéLINEHR 
RETURN 
Q=(2*SOU+<Z*R(N)-D)*COTBETflU)/(2*SOU-D*COTHLPHRU)*LINEHR 
RETURN 
Q=(2*s0U—<z«R<N>—D)ec0TBETRU>/(z»s0U+D«c0TRLPHRU)«LINERR 
RETURN 
QN=SOU*CDTBETHV+SOV*COTBETflU+(2¥R(N)~D)*COTBETfiU*COTBETflV 
QD=SOU%COTHLPHfiV+SOV*COTHLPHHU-D*COTHLPHHU*COTHLPHHU 
Q=QN/OD ' 

RETURN 
QN:SOU*GOTBETHV+SOV*COTBETHU-(2*R(N)-D)*COTBETHU*COTBETHV 
QD=SOU*COTflLPHfiV+SOV*COTflLPHflU+D*COTflLPHHU*COTBLPHHV 
Q=QN/OD 

{RETURN
9 

‘END
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