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ABSTRACT: Science-based m a n a g e m e n t  o f  shallow-water habitats  is l imited by in format ion  on  the spatial dis t r ibut ion 
o f  proper t ies  o f  sediments .  This  l imitation in par t  s t ems  f rom the lack o f  an  adequate  mode l  or  sys tem to classify and  
delineate s u b a q u e o n s  soil types (sediments) .  P resen t  classification sys tems are inadequate  because  the exist ing pa rad igm 
does  no t  actually cons ider  them as "soi ls"  bu t  merely  as " sed iment s . "  Field observat ions  suggest that these sed imen t s  
could be  bet ter  unde r s t ood  as "soi ls ,"  and  the present  paradigm could be modi f ied  to incorporate  a new o n e - - a  pe- 
dological paradigm.  We p ropose  the  applicat ion o f  a pedological  paradigm for subaqueous  soils o f  subt idal  habi tats  to 
develop ecological in terpre ta t ions  o f  subaqueons  soil types and  apply an inventory o f  s u b a q u e o n s  soil resources for 
m a n a g e m e n t  o f  estuarine shallow-water habitats.  

Introduction 

In the mid-Atlantic region there are significant 
efforts underway to evaluate and restore the health 
of estuaries. Because of their significant ecological 
role, special emphasis has been placed on shallow- 
water habitats, many of which support submerged 
aquatic vegetation (SAV). Mso of concern are areas 
of sediments which do not presently support veg- 
etation but still contribute to the environmental 
conditions of the littoral zone (such as the poten- 
tial for acid-sulfate weathering of dredge spoil and 
SAV restocking sites). This emphasis was docu- 
mented in the 1987 Chesapeake Bay Agreement 
where priority was given to the determination of 
essential elements of habitat quality and needs to 
support living resources. The Chesapeake Bay SAV 
Policy of 1989 (Chesapeake Executive Council 
1989) and the Implementation Plan of the Ches- 
apeake Bay Implementation Policy of 1990 (Ches- 
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apeake Executive Council 1990) emphasized the 
need to develop SAV habitat requirements. The 
1992 SAV Distribution Restoration Targets (Ches- 
apeake Bay Program 1992) established formal 
goals for restoring SAV (Batiuk et al. 1992; Steven- 
son et al. 1993), some of which are presently being 
implemented. A critical component  of these efforts 
is the accurate assessment of habitat requirements 
and defining the various habitat elements. The vast 
majority of research has focused on water-quality 
parameters, which are currently thought to have 
the greatest impact on SAV growth and survival. 
Mthough water-quality parameters have received 
the greatest attention, there has also been signifi- 
cant research on the relationships between SAV 
and sediment nutrient availability, organic matter 
content, and other characteristics. These studies 
have produced critical values for nutrients, sus- 
pended sediment, chlorophyll, and light in the wa- 
ter column (Stevenson et al. 1993). However, sed- 
iment-SAV relationships remain vague, and a sys- 
tem needs to be developed to characterize, classify, 
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inventory, and map  sed iment  types across and  with- 
in shallow-water habitats. The  purposes  of  this pa- 
per  are to illustrate the l imited nature  of  the sed- 
iment  maps  available tor  shallow water habitats, to 
discuss the impor tance  of  sediments  to under-  
s tanding the habi tat  e lements  of  shallow-water en- 
vironments ,  to explain the value of  using a pedo- 
logical app roach  in assessing the proper t ies  and  
distribution of  subaqueous  soils, and  to illustrate 
the potent ial  implicat ions of  a subaqueous  soil in- 
ventory  to the m a n a g e m e n t  of  shallow-water habi- 
tats. 

Sediment Research and Mapping 

Attempts  at m a p p i n g  sediments  have largely con- 
cent ra ted  on individual c o m p o n e n t s  or  character-  
istics, as opposed  to a more  holistic descript ion of  
sed iment  profiles. For example ,  Folger (1972) uti- 
lized publ ished and unpubl i shed  data to charac- 
terize the distribution of  surface texture and or- 
ganic carbon of  sediments  in four  estuaries in the 
Uni ted  States. The  texture categories were based 
on those p resen ted  in I n m a n  (1952). For the m a p  
of  the Pamlico Sound in Nor th  Carolina, based on 
data largely ti 'om Pickett (1965), four  particle size 
classes for surface textures were recognized.  These  
were coarse sand, m e d i u m  sand, fine-very line 
sand, and  silt. The  m a p  was developed at a scale 
of  1:792,000, or 7.9 km cm-L Al though this does 
provide informat ion  conce rn ing  the spatial distri- 
but ion of  surface texture,  the utility of  a m a p  at 
this scale for detai led ecological work is limited. 

In a subsequent  investigation of  Pamlico Sound,  
Wells (1989) compi led  addit ional  data  f rom cores 
taken over the past 40 yr. From these data, maps  
were compi led  illustrating the spatial distr ibution 
of  such individual characteristics as surface texture 
and  pe rcen t  calcium carbonate .  For the map  of  
modal  grain size (surface texture) ,  tlve texture 
classes were recognized based on the Wentworth 
scale for t)article size separates.  These  classes were 
coarse sand, m e d i u m  sand, fine-very fine sand, silt, 
and  clay. The  map  scale utilized was 1:1,130,000, 
or  11.3 km cm i. The  map  for  calcium carbona te  
con ten t  is at a similar scale. Once  again, maps  at 
this scale do not  provide enough  detail for inten- 
sive ecological in terpreta t ion.  In addit ion,  maps  
portraying individual characteristics would need  to 
be "over la in"  (and in some cases, normal ized  to 
some c o m m o n  class) to de t e rmine  what combina-  
tion of  sed iment  characteristics exist at any specific 
site. 

In the mid-Atlantic region,  Kerhin (1980) com- 
piled a series of  maps  of  several individual char- 
acteristics of  sediments  within the Chesapeake  Bay. 
Water, total carbon,  organic  carbon,  and  sulfur 
" c o n t o u r "  maps  were made  illustrating concentra-  

tion isobars. For sed iment  distribution and sedi- 
menta t ion  rates the maps  show delineat ions for 
each type or rate. The  limitation of  the maps  for  
ecological analysis o f  shallow-water habitats is that  
a majority of  the in format ion  p resen ted  was col- 
lected in areas too deep  to suppor t  SAV. 

Geological  aspects of  an estuary or bay also con- 
tr ibute to the character izat ion of  sediments  in shal- 
low-water habitats. Wells et al. (1994) studied the 
geochemica l  na ture  and geophysical f ramework  of  
Assawoman and Isle o f  Wight  Bay, Maryland. The i r  
results d o c u m e n t e d  the presence  of  paleo-chan- 
nels and  the shallow strat igraphic sequence  within 
the two bays. In addit ion,  sed iment  cores were 
taken and analyzed for  particle size and  contents  
of  sulfur, carbon,  n i t rogen,  and six metals. Aver- 
ages and  ranges tor  each c o m p o n e n t  were deter- 
mined  on a baywide basis. However, no a t t empt  was 
made  to e i ther  synthesize specific pa ramete r s  or 
p resen t  a cohe ren t  classification scheme to devel- 
op del ineat ions of  different  sed iment  types. 

A review of  l i terature on shallow-water habitats 
(Staver and  Stevenson in press) reveals surprisingly 
little informat ion  regarding the relat ionships be- 
tween SAV distr ibution and  sed iment  type distri 
but ion.  However, recent  studies at the head  of  the 
Chesapeake  Bay and in o ther  esularies suggest that  
sed iment  characteristics may be highly corre la ted  
with specific SAV species (Barko et al. 1991, Wi- 
gand and  Stevenson 1994). Investigators originally 
believed that  SAV obta ined  a majority of  their  nu- 
trients f rom the water  co lumn (see Stevenson 1988 
for  review) and  only d e p e n d e d  on the sed iment  
for  root  support ;  however, this view has changed  
over the past two decades. Bole and  Allan (1978) 
examined  uptake  of  phospho rus  in two aquatic 
plants, Myrophyllum spicatum and Hydrilla verticillata 
Royle, and  found that  they took up  most,  or  all of  
their  p h o s p h o r u s  r equ i remen t s  f rom the sedi- 
ment .  Barko et al. (1991) found  that three species 
of  SAV were able to mobil ize and  obtain phospho-  
rus exclusively f rom the sediment .  It now appears  
that  SAV generally d e p e n d  on the sediments  as a 
major  source for  ni t rogen,  phosphorus ,  iron, man-  
ganese,  and micronut r ien ts  (Barko et al. 1991). In 
addit ion to the nu t r ien t  status of  the sediment ,  or- 
ganic mat te r  con ten t  also appears  to play a role in 
the growth of  SAV. As organic mat te r  con ten t  in 
the sed iment  increased, the growth of  SAV was in- 
hibi ted (Barko and  Smart  1983). In a study of  two 
species of  SAV grown on 40 different  sediments  
collected f rom 17 dif ferent  lakes, Barko and Smar t  
(1986) found  that nut r ien t  stauls, sed iment  den- 
sity, and  organic mat te r  con ten t  all had  impacts  on 
SAV growth. 

The  roots of  SAV also appea r  to have o ther  sig- 
nificant biological roles. As in many  terrestrial soils 
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]'ABLE 1. German classification scheme for subaqueous soils (after Arbeitskreis Bodensystematik 1985). 
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Subaqueous Soil 
Type Type Amibtues 

Protopedon Subaqueous soils composed of different sediments without macroscopic humus, containing various organisms. 
Gytta Subaqueous soils composed of organic a n d / o r  mineral sediments (typically limnic in nature). Generally high nutrient  

content and good aeration. Found most often in freshwater areas. 
Sapropel Subaqueous soils composed of odiferous organic sediments often with metallic sulfides, high nutrient contents, and 

poor aeration. 
Dy Subaqueous soils typically composed of humic acid gels with low nutrient content and poor aeration. 

(Malloch et al. 1980), at least one  species of  SAV 
in the Chesapeake  Bay has been  found  recently to 
have mycorrhizae,  or  a symbiosis between fungi 
and  roots (Wigand and Stevenson 1994), suggest- 
ing that  fungal associations with submersed  mac- 
rophytes may be more  c o m m o n  than previously 
thought  (Farmer  1985). However, the role of  roots 
may vary considerably d e p e n d i n g  on the species of  
SAV in question and  the inhe ren t  na ture  of  the 
sediment .  Sediments  with high concent ra t ions  of  
iron (such as those at the head  of  the Chesapeake  
Bay) seem to encourage  iron-rich p laque forma-  
tion a round  the roots (Mendelson and  Postek 
1982), which appears  to p r o m o t e  colonization by 
fungi and  bacteria.  I ron  was particularly concen-  
trated adjacent  to the root  epidermis ,  suggesting 
that  oxygen p u m p e d  via the lacunal system of  mac- 
rophytes (Sand:Jensen and  Prahl 1982; Carpen te r  
et al. 1983; Kemp and Murray 1986; Caffrey and  
Kemp  1991) is critical in the iron plaque fo rmat ion  
process. It  is possible that  this " i ron-cur ta in"  de- 
scribed by Chambers  and  O d u m  (1990) may also 
h inder  phospha te  mobility. In contrast  to vegeta- 
tion f rom the head  of  the Chesapeake  Bay, no 
plaques were observed  on eelgrass (Zostera marina) 
in sandy sediments  of  more  saline Virginia waters 
(Wigand and Stevenson tmpubl i shed  data).  These  
sediments  are comparat ively low in organic ca rbon  
and iron, as well as being high in sulfides, all o f  
which may inhibit  fungal  symbionts.  Fu r the rmore ,  
eelgrass (Zostera marina) rhizomes may not  be  as 
effective at oxygenat ing sediments  as o the r  species 
at the head  of  the Chesapeake  Bay (Iizumi et al. 
1980; Smith et al. 1988). However, despite efforts 
to character ize sediments  and  toxics in SAV beds 
at va ry ing  sal in i t ies  (Cornwal l  a n d  S t evenson  
1988), no comprehens ive  analysis has been  con- 
ducted  to adequately  character ize or  map  the pe- 
dological differences a m o n g  sediments  of  shallow- 
water habitats where  SAV can occur. 

Sediments  or Subaqueous  Soils 

The  Uni ted States D e p a r t m e n t  of  Agriculture- 
Natural  Resource Conservat ion Service (USDA- 
NRCS), which has the responsibili ty for the nation- 
al p r o g r a m  of  soil mapping ,  classification, and  in- 
terpretat ion,  historically has not  examined  sedi- 

ments  to any significant extent.  In o ther  parts o f  
the world the pedological  examina t ion  of  sedi- 
ments  has also generally been  neglected except  in 
a few situations where  informat ion  was needed  for 
a specific land use. An example  of  this was the 
m a p p i n g  and analysis o f  the Dutch po lder  soils for 
eng ineer ing  data pr ior  to the bui lding of  dikes (R. 
W. Simonson personal  communica t i on  1993). In 
the early par t  of  this cen tury  pe rmanen t ly  sub- 
me rged  soils were m a p p e d  along the eastern edge 
of  the Florida Everglades in an area slated for 
dra inage and deve lopmen t  (Baldwin and  Hawker  
1915). Since that time, there  has been  little map-  
ping of  sed iment  types. In the 1960s there  was an 
a t t empt  in Europe  to include sediments  in the Ger- 
man  system of  soil classification as " subaqueous  
soils" (Muckenhausen  1965). Later, this classifica- 
tion scheme tor subaqueous  soils was divided into 
four  types (Arbeitskreis Bodensystematik 1985), as 
shown in Table 1. As one  of  the first (and perhaps  
only) a t tempts  to classit~/sediments as "soils," tile 
definit ions are somewhat  general ,  relying mainly 
on the physical composi t ion  of  the material .  The re  
is also some men t ion  of  chemical  proper t ies  such 
as the presence  or lack of  sulfides, degree  of  aer- 
ation, and salinity levels. 

The  official soil classification system of  the Unit- 
ed States, p resen ted  in Soil 7hxonomy (Soil Survey 
Staff 1975), has made  great  strides in addressing 
soils that  were not  included in the original laxo- 
nomic  system. For example ,  there have been  major  
revisions and  addit ions in the classification of  tidal 
and  coastal soils, some of  which are partially sub- 
me rged  on a daily basis. These  revisions were 
based on the accumula t ion  of field and  labora tory  
data that indicated the need  to fur ther  separate,  
definel and  map  soils in these envi ronmenta l ly  sen- 
sitive areas. An addit ional  example  of  the dynamic 
nature  of  soil classification and  its ability to rrssim- 
ilate new informat ion ,  is the inclusion of areas pre- 
viously cons idered  "mudf la ts . "  These  areas sup- 
por t  vegetat ion such as pickerel  weed (Pontedaria 
cordata), arrow a rum (Peltandra virginica), and spat- 
terdoc (Nuphar luteum) and are only exposed  dur- 
ing ex t reme  low tides. These  taxonomic  revisions 
general ly apply to tidal areas, where  water  dep th  
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fluctuates and the surface of  the soil is exposed to 
the atmosphere.  Subaqueous soils are rarely, if 
ever, exposed to air (whether  in fresh or saline wa- 
ter). Currently, a classification scheme for sub- 
aqueous soils has not  been  addressed within Soil 
Taxonomy due to the lack of  comprehensive  data to 
establish specific classes and the fact that some of  
the present  classes for  tidal marsh and mudflat  
soils could possibly be utilized with some modifi- 
cation. The  acceptance of  tidal marsh and mudflat  
"sediments"  as "soils" within the ecological and 
geomorphologica l  communi t ies  (see Stevenson et 
al. 1986) has assisted in more  fully unders tanding 
the impact  of  sea-level rise on low-lying landscapes 
and their  associated flora and fauna. 

A basic question that must be addressed before  
a pedological approach can be applied to sedi- 
ments  is whether  these materials actually mee t  the 
definit ion of  soil. Soil Taxonomy defines soil as " the  
collection of  natural  bod ie s . . . suppor t ing  or capa- 
ble of  support ing plants out-of-doors" (Soil Survey 
Staff 1975). In the Soil Survey Manual (Soil Survey 
Division Staff 1993) a definit ion is presented,  stat- 
ing "Bodies of  water that suppor t  floating plants, 
such as algae, are not  soil, but  the sediment  below 
shallow water is soil if it can suppor t  bottom-root-  
ing plants." In his book, The Fundamentals of Soil 
Science, Foth (1978) presents a somewhat more  nar- 
row perspective, stating "Soil (is the) unconsoli- 
dated material on the immediate  surface of  the 
ear th  that serves as a natural  med ium for the 
growth of  land plants." Mthough  the definitions 
vary to some degree,  they all make reference  to 
the fact that soils suppor t  natural vegetation. In 
discussions of  the above concepts  with o ther  re- 
source scientists, we find that some hold to the 
more  restricted definit ion of  soils, desiring to re- 
quire emergen t  vegetation and exposure  to the at- 
mosphere  to be considered "soil." Therefore ,  if an 
area were permanent ly  ponded  or  f looded (and 
thus unlikely to suppor t  emergen t  vegetation),  it 
would not  be considered by some to be soil. M- 
though we unders tand  why some might prefer  this 
narrow concept  of  soil, we believe the definit ion 
in Soil Taxonomy is broad  enough  to include per- 
manent ly  f looded environments  in lakes, rivers, 
and estuaries, where submerged aquatic vegetation 
can exist. Mthough  SAV are not  emergen t  plants, 
they are rooted  planks, therefore  establishing their  
substrate as "soil" as def ined in the Soil Survey 
Manual (Soil Survey Division Staff 1993). 

�9 Since its incept ion as a science, pedology has 
dealt  with the origin, genesis, and attributes of  up- 
land soils. These  concepts  have commonly  been  
ex tended  to describe relationships between soil 
characteristics and plant vitality. The  agricultural 
community,  and more  recently the ecological and 

regulatory communit ies,  rely heavily on soils data 
to de te rmine  what types of  plants are best suited 
to various soil types. Soil characteristics can dictate 
the specific type of  plants which will be found  un- 
der  natural condit ions and can control  the pr imary  
level of  p roduc t ion  expected  from a certain agri- 
cultural crops. For example,  the Soil Survey of 
Worcester County, Maryland (Hall 1973) estimated 
produc t ion  levels for various agronomic  crops on 
different  soil types based on guidelines conta ined 
within the Soil Survey Manual (Soil Survey Staff 
1951). Soil propert ies  may also impact vegetation 
depend ing  on the drainage of  wet soils containing 
sulfides, which produce  such ex t reme soil acidity 
(pH 2-3) that nearly all vegetative growth is inhib- 
ited (Pons et al. 1982). The  definit ion of  "wet- 
lands" conta ined in the Federal Manual for Identi- 
fying and Delineating Jurisdictional Wetlands (Federal 
Interagency Commit tee  for  Wetland Delineation 
1989) utilizes Soil Taxonom~ to de te rmine  if a site 
contains "hydr ic"  soils. Pedologists have consis- 
tently demons t ra ted  that soils play a significant 
role in the product ion,  vitality, and survival of  veg- 
etation. We believe that sediments can be consid- 
e red  as subaqueous soils and are a vital c o m p o n c n t  
of  shallow-water habitats. These  soils pe r fo rm spe- 
cific functions within the shallow-water habitat, in- 
cluding the distribution and produc t ion  of  SAV. 

A Pedological Approach to the 
Study of  Sediments 

Pedology is the science that studies tile charac- 
teristics, evolution, and distribution of  soils as nat- 
ural bodies on the earth 's  surface. This approach 
to the study of  soils (which originated from the 
earlier work of  Russian and German  scientists) was 
popular ized by the work of  Jenny  (1941) who de- 
scribed the pr imary factors affecting soil format ion 
by the equat ion S = f(C,O,R,ET).  His equat ion il- 
lustrated that a soil (S) is a funct ion of  five state 
factors: climate (C), organisms (O) (biological ac- 
tivity), relief (R) ( topography),  parent  material 
(P), and time (T). This was an a t tempt  to explain 
the wide range in soil types and soil characteristics 
found  th roughou t  tile world. This approach ad- 
dressed the systematic variation in soil propert ies  
which is related to the five soil-forming factors, in 
addition to random variation which cannot  be re- 
lated to any specific cause (Wilding and Drees 
1983). One  problem of  Jenny 's  approach is the dif- 
ficulty in quantifying individual factors in the equa- 
tion. Nevertheless, pedological studies have been 
conduc ted  where study sites are selected to mini- 
mize variations in four  of  the factors so that the 
remaining state factor can be bet ter  unders tood,  
quantified, and used in mathematical  models. A 
typical example of  this approach is the chronose- 



quence,  where  soil p roper t ies  are evaluated as a 
funct ion of  t ime or soil age. The  concepts  of  cli- 
mosequences  and  toposequences  have been  simi- 
larly identified and  broadly appl ied  to study the 
effects o f  climate and  topography  on soil charac- 
teristics and  genesis. 

The  topographic  factor  has been  studied per- 
haps m o r e  than any o ther  single state factor o f  soil 
format ion .  Milne (1936) first suggested the con- 
cept  of  a catena,  which is cons idered  to be  an in- 
ter locking a r r a n g e m e n t  of  soils across a changing 
landscape.  The  ca tena  was effectively the concep t  
of  the toposequence  m e n t i o n e d  above. In pedol-  
ogy, topographic  variation can have major  impacts  
on morphologica l ,  physical, and  chemical  soil 
characteristics. Once  the association between soils 
and  topography  began  to be recognized,  fu r ther  
efforts were made  to unders tand  the role of  to- 
pography  or l andforms  in soil genesis. It  soon be- 
came appa ren t  that  g e o m o r p h i c  principles could 
provide insight into the systematic variation of  soil 
types across the landscape.  This led to the fu r the r  
integrat ion of  pedology  and  geomorphology .  

G e o m o r p h o l o g y  is def ined by Howell (1957) as 
the "systematic examina t ion  of  landforms and 
their  in terpre ta t ion  as records  of  geologic history." 
Later, Ruhe (1975) def ined  g e o m o r p h o l o g y  simply 
as the science of  landforms.  In one  of  the classic 
papers  on soils and  g e o m o r p h o l o g y  (Ruhe 1956), 
specific soils or  soil associations were found  to oc- 
cur  in a predic table  way on five separate  geomor-  
phic surfaces in Iowa. Daniels and  Gamble  (1978) 
discussed how landscape conf igurat ion and its as- 
sociated hydrologic characteristics affected mor-  
phological  and  physical deve lopmen t  of  soil pro- 
files on coastal plain areas of  the southeas tern  
Uni ted  States. These  concepts  were appl ied to ter- 
races and  f loodplain soils in New York, where  Scul- 
ly and  Arnold  (1979) found  that  the degree  of  soil 
deve lopmen t  was related to the g e o m o r p h i c  sur- 
face on which the soil fo rmed.  The  unders tand ing  
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of  geomorph ic  concepts  and  processes has become  
a valuable tool in aiding the pedologist  in predict-  
ing the distribution and  characteristics of  soil types 
on the landscapes (Daniels et al. 1971; Hall  1983). 

In a m o r e  recent  article, H u d s o n  (1992) dis- 
cusses the pa rad igm of  soil m a p p i n g  and  the pe- 
dological approach .  The  pa rad igm of  soil m a p p i n g  
is based on soil-landscape relationships,  or  the abil- 
ity to use landforms as a tool to predic t  the varia- 
tion of  soils across the landscape.  This can be 
roughly translated as a synthesis o f  the five factors 
of  soil fo rmat ion  (Jenny 1941) and  the ca tena  con- 
cept  o f  Milne (1936). The  c o m p o n e n t s  of  the soil- 
landscape pa rad igm (Hudson  1990) are as follows: 

1. Within the soil-landscape unit,  the five soil- 
fo rming  factors interact  in a distinctive manner .  As 
a result, all areas of  the same soil-landscape unit  
develop the same kind of  soil. 

2. The  greater  the di f ference between the con- 
t e rminous  areas of  two soil-landscape units, the 
more  ab rup t  and  striking the discontinuity will be 
between them.  The  m o r e  similar the two conter-  
minous  areas of  soil-landscape units, the less strik- 
ing or  ab rup t  the discontinuity tends to be. 

3. The  m o r e  similar two landforms  are, the more  
similar their  associated soils. 

4. Adjacent area~s of  different  soil-landscape units 
have predic table  spatial relationships.  

5. Once  the relat ionship a m o n g  soils and  land- 
scape units have been  d e t e r m i n e d  for an area, the 
soil type can be infer red  by identifying the soil- 
landscape unit. 

This pa rad igm is the basis for  m u c h  of  the soil 
resource  inventory activities presently underway in 
the Uni ted  States. Yet, the pedological  approach  is 
infrequent ly  appl ied to shallow-water estuarine en- 
vironments .  Thus  all subaqueous  soils are t reated 
simply as geologic sediments.  The  sampling of  
these sediments  for  research purposes ,  or  dur ing 
l imited a t tempts  at conduc t ing  resource invento- 
ries, has been  p e r f o r m e d  using r a n d o m  or grid 

TABI.E 2. Profile described in Sinepuxent Bay, Maryland, approximately 400 m due east of Snug Harbor, 25 m south of unnamed 
spoil island. Field morphological description of pedon $92MD047-058. Vegetation: Widgeon grass (Ruppia maritima), rooted algae. 
Macrofauna present: Clams. Depth of water: 65 cm. 

Horizon Dcpdl (cm) Description 

Ag 0-15 

Cgl 15-25 

2Cg2 25-42 

3Cg3 42-89 
4Cg4 89-104 

4Cg5 104-150 

Very dark gray (N 3/) mucky loamy sand; massive; very friable, slightly sticky, nonplastic; common very fine 
and fine roots; moderately alkaline; moderately saline; clear smooth boundary. 

Dark gray (N 4/) loamy sand; massive; very friable, nonsticky, nonplastic; few very fine roots; moderately alka- 
line; moderately saline; 2% gravel; clear smooth boundary. 

Dark greenish gray (5GY 4/1) loam; massive; friable, slightly sticky, nonplastic; n-value greater than 1.0, mate- 
rials flows easily between the fingers when squeezed; slightly alkaline; strongly saline; abrupt wavy boundary. 

Dark gray (5Y 4/1) sand; single grain; loose; moderately alkaline; strongly saline; gradual smooth boundary. 
Dark gray (N 4/) loamy fine sand; massive; very friable, nonsticky, nonplastic; strongly alkaline; strongly sa- 

line; clear smooth boundary. 
Dark gray (5Y 4/1 ) loamy fine sand; massive; very friable, nonsticky, nonplastic; strongly alkaline; moderately 

saline; 30% shell fragments. 
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TABI,E 3. Profile described west side of South Point, Sinepuxent Bay, Maryland, approximately 1 km north of Verrazano Bridge, 30 
m from adjacent tidal marsh. Vegetation: 10% eelgrass (7.ostera marina). Macrofauna present: Tubeworms. Depth of water: 75 cm. 

I lorizon Depth (cm) Description 

Ag 0-11 

2Cg 11-28 

0ab 28-150 

Very dark gray (5Y 3/1) sand; single grain, loose; few very fine roots; moderately alkaline; moderately saline; 
clear wavy boundary. 

Dark gray (5Y 4/1) loam; massive; slightly sticky, slightly plastic; n-value 0.8; 16% clay; moderately alkaline; 
moderately saline; clear smooth boundary. 
Dark brown (7.5YR 3/2) muck; sapric soil material; fiber content less than one-sixth of the vohnne after rub- 

bing; 25% silt loam mineral material; moderately alkaline; moderately saline. 

sampl ing  te.chniques with little a t t en t ion  given to 
the s u b a q u e o u s  g e o m o r p h o l o g y .  These  a p p r o a c h -  
es to sampl ing  are perfec t ly  suitable and  valid 
where  systematic variat ion in soil p roper t i e s  are un-  
known,  and  where  soil variability would  be de- 
scr ibed as r a n d o m  (Wilding a nd  Drees  1983). But  
in landscapes  where  the  d is t r ibut ion o f  soils can be 
clearly re la ted  to a g e o m o r p h i c  surface,  a r a n d o m  
or  gr id  sampl ing  a p p r o a c h  would  yield far less in- 
f o r m a t i o n  than  would  be ga ined  util izing a pedo-  
logic a p p r o a c h .  In cases where  l andscapes  can be  
in te rp re ted ,  a m o r e  p roduc t ive  scientific strategy 
would  utilize the al ternat ive a p p r o a c h ,  which ad- 
dresses the  soi l- landscape associat ion,  a nd  rely on  
the  pedo log ica l  a p p r o a c h .  

Materials and Methods 

Pre l imina ry  f ie ldwork was c o n d u c t e d  d u r i n g  the 
s u m m e r s  o f  1993 and  1994 in a sect ion of" Sine- 
p u x e n t  Bay, Maryland ,  to apply a soil classification 
system to shallow-water sediments .  Soil bor ings  
were m a d e  to a d e p t h  o f  1.5 in using a s t anda rd  
bucke t  a t tger  o r  pea t  auger.  Soil m o r p h o l o g i c a l  de- 
scr ipt ions  were m a d e  in the field and  samples  were 
taken f rom the  profi les  fo r  l abora to ry  analyses. 
O n c e  samples  were  col lec ted  they were p laced  in 

plastic bags, sealed, and  s tored  on  ice d u r i n g  trans- 
p o r t  to the laboratory.  These  p recau t ions  were 
taken to min imize  chemica l  changes  due  to oxi- 
dat ion.  Particle size, o rgan ic  ca rbon ,  sulfides, pH,  
and  salinity analyses were c o n d u c t e d  on  each  o f  
the samples  fol lowing s t andard  soil character iza-  
t ion p r o c e d u r e s  (Soil Survey Division Staff  1993). 
T h e  p H  fol lowing moist  i ncuba t ion  was deter-  
m i n e d  (Soil Survey Staff  1994) to evaluate the po- 
tential for  acid-sulfate wea the r ing  condi t ions .  Ben- 
thic o rgan i sms  p re sen t  at a u g e r e d  sites were also 
identif ied.  Based on  the results o f  these l imited ob- 
servations,  th ree  basic s u b a q u e o u s  soil types were 
evident.  This is the first step toward r ep re sen t i ng  
the spatial pa t t e rns  o f  s u b a q u e o u s  soil types car- 
tographically.  

Results and Discussion 

Within  the S i n e p u x e n t  Bay study area, th ree  dis- 
t inct  s u b a q u e o u s  soil series have b e e n  tentatively 
identif ied.  Initial observa t ions  sugges ted  that  the  
soils existed in spatial pa t t e rns  large e n o u g h  to be 
r e p r e s e n t e d  car tographical ly .  A p re l imina ry  m a p  
o f  s u b a q u e o u s  soil de l inea t ions  has b e e n  devel- 
o p e d  and  will be pub l i shed  later after  addi t ional  
bor ings  have b e e n  m a d e  to test its accuracy. Four  

TABLE 4. Profile described east side of South Point, Sinepuxent Bay, Maryland, approximately 400 m south of Spence Cove, 50 m 
west of adjacent tidal marsh. Vegetation: 40% cover, eelgrass (Zostera marina). Macrofauna present: Tubeworms, few clams. Depth of 
water: 70 cm. 

llotizon I)epth (cm) Description 

Ag 0-8 

Cgl 8-15 

2Cg2 1.5-20 

3Cg3 20-30 

3Cg4 30-51 

3Cg5 51-77 

4ACgb 77-94 

0ab 94-150 

Very dark gray (5Y 3/1) sand; single grain; few very tine and fine roots; moderately alkaline; moderately saline; 
clear wavy boundary. 

Dark gray (5Y 4/[) loamy sand; massive; nonsticky; moderately alkaline; moderately saline; abrupt smooth 
boundary. 

Dark gray (5Y 4/1) coarse sand; single grain, loose; moderately alkaline; moderately saline; abrupt smooth 
boundary. 

(;ray (5Y 5/1) sandy loam; massive; slightly sticky, nonplastic; moderately alkaline; moderately saline; 20% dark 
olive brown (2.5Y 3/3) organic fragments; 12% clay; clear smooth houndary. 
Gray (5Y 5/1) loam; massive; slightly sticky, nonplastic; moderately alkaline: moderately saline; 12% clay; clear 

wavy boundary. 
Gray (5Y 5/1) loam; massive; slightly sticky, nonplasfic; n-value 0.8; 10% dark olive brown (2.5Y 3/3) organic 
fiagments; 12% clay; moderately alkaline; moderately saline; gradual wavy bomldary. 
Dark gray (5Y 4/1) mucky silt loam; massive; slighdy sticky, slightly plastic; n-value 0.9; 50% dark brown (10YR 

3/3) organic fragments; 14% clay; moderately alkaline; moderately saline; gradual wavy boundary. 
Dark brown (7.5YR 3/2) muck; sapric soil material: fiber content is less than one-sixth of the volume alter 

rubbing; 10% light olive brown (2.5Y 5/6) organic fragments; 20% silt loam mineral material; moderately 
alkaline; moderately saline. 
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TABLE 5. Profile described in Sinepuxent Bay, Maryland, approximately 400 m due east of Snug Harbor, 300 m southeast of unnamed 
spoil island. Field morphological description of pedon $92MD047-014. Vegetation: eelgrass (Zostera marina). Macrofauna present: 
Clams. Depth of water: 50 cm. 

I lo r izon  Depth  (cm) Descript ion 

ag 0-8 

2Cgl 8--45 

3Cg2 45-95 

4Cg3 95-150 

Dark <)live gray (5Y 3/2) sand; single grain; loose; few fine and very fine roots; moderately alkaline; moderately 
saline; 5% shell fragments; clear wavy boundary. 

Very dark gray (5Y 3/1) fine sand; single grain; loose; moderately alkaline; moderately saline; clear smooth 
boundary. 

Very dark gray (5V 4/2) silt loam; massive; friable, slightly sticky, nonplastic; n-value between 0.7 and 1.0, mate- 
rial flows between fingers with some difficulty; moderately alkaline; moderately saline; gradual smooth bound- 
ary. 

Very dark gray (N 3/) very fine sandy loam; massive; friable, slighdy sticky, nonplastic; moderately alkaline; 
moderately saline. 

o f  the representat ive morpholog ica l  descript ions 
are p resen ted  in Tables 2 th rough  5. These  soils 
differ markedly  in many  characteristics, including 
consistence, n-value, particle size class, horizon,  
structure,  root  content ,  ca rbon  content ,  and  shell 
f r agmen t  distribution. Selected soil analytical data 
for  sulfidic materials  are r ep resen ted  in Fig. 1 for  
the subaqueous  soil described in Table 2. 

The  representat ive soil profiles descr ibed in Ta- 
bles 2 th rough  5 shows the variation in particle size 
distribution with dep th  and  between profiles. The  
USDA textural  class of  mucky loamy sand for  the 
Ag hor izon (0-15 cm) and coarse-loamy particle 
size family (Soil Survey Division Staff 1993) for the 
profile in Table 2 are significantly different  than 
the sand texture for the Ag horizons and  the sandy 
particle size families of  the o ther  profiles. Results 
of  the moist  incubat ion analysis shown in Fig. 1 
indicate that  certain horizons in this profi le  had  a 
grea ter  potent ia l  to exhibi t  acid-sulf~ate condit ions 
than others.  Samples f rom the Ag (0-15 cm),  Cgl  

8 

7 

e m A g  

4)- Cgl 

5 ~ 2Cg2 

13- 3Cg3 
4 - 0  4Gg4 

~-  4Cg5 
3 
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Fig. 1. Graph showing change in pH over time in samples 
collected from pedon $93MD047-058 (described in Table 2) us- 
ing the moist incubation technique. The pH measurements 
were made for samples from the Ag (0-15 cm), Cgl (15-25 
cm), 2Cg2 (25-42 cm), 3Cg3 (42-89 cm), 4Cg4 (89-104 cm), 
and 4Cg5 (104-150 cm) horizons. The Ag, 2Cg2, and 4Cg4 ho- 
rizons contain 0.10%, 0.46%, and 0.16% chromium reducible 
sulfide (CRS), respectively, as determined using the methodol- 
og'y of Cornwell and Morse (1987). 

(15-25 cm),  2Cg2 (25-42 cm),  and  4Cg4 (89-104 
cm) hor izons  d r o p p e d  below a p H  of  3.5, suggest- 
ing that  they are "sulfidic mater ia ls"  as def ined in 
Soil Taxonomy. The  3Cg3 (42-89 cm) and  4Cg5 
(104-150 cm) horizons r ema ined  at or  abou t  the 
same pH.  

Examinat ion  o f  the subaqueous  soiI profi le de- 
scriptions p resen ted  in Tables 3 and  4 indicate the 
presence  of  previously existing marsh  surfaces 
(Oab horizons) .  These  profile descript ions indi- 
cate the probabil i ty that  many  sediments  adjacent  
to tidal marsh  areas in the S inepuxen t  study area  
are actually submerged  tidal marsh  soils and  their  
distribution could be infer red  f rom the adjacent  
g e o m o r p h o l o g y  of  the study area. 

Using present  guidelines in Keys to Soil Taxonomy 
(Soil Survey Staff 1994) the subaqueous  soil in Ta- 
ble 2 could be classified as a sandy, mixed,  mesic, 
non-acid Typic Sulfaquent.  T h e  subaqueous  soils 
shown in Tables 3 and  4 would be classified as a 
coarse-loamy, mixed,  mesic nonac id  Thapto-hist ic 
Sulfaquents. The  profile descr ibed in Table 5 
would be classified as a coarse-loamy, mixed,  mesic, 
nonac id  Typic Sulfaquent.  These  series differ sig- 
nificantly at the family level of  t axonomy and 
therefore  can be separa ted  into soil series or  types. 
The  classifications also indicate the potent ia l  for 
acid-sulfate weather ing  p rob lems  if the materials  
were dredged,  and  the presence  of  an under ly ing 
tidal marsh soil. 

The  results o f  this initial study indicate that  the 
applicat ion of  tradit ional field pedological  tech- 
niques, modif ied  slightly, could be  appl ied in a 
nontradi t ional  soil m a p p i n g  env i ronmen t  and be 
used to p roduce  soil in format ion  and,  ultimately, 
soil maps  similar to those p resen ted  in m o d e r n  up- 
land soil surveys. During the course of  the next  two 
years we will work toward the identif ication of  sub- 
aqueous  landscapes and  soil types, and  testing the 
applicability of  the pedological  app roach  to a wid- 
er range  of  shallow-water estuarine environments .  

Prior to this p re l iminary  investigation, there  was 
no r epo r t ed  appl icat ion of  the pedological  ap- 
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proach to the study of  sediments in shallow-water 
habitats. Our  results suggest that subaqueous soils 
in shallow-water habitats mee t  the de fn i t i on  of  soil 
stated in Soil Taxonomy (Soil Survey Staff 1975) and 
the Soil Survey Manual (Soil Survey Division Staff 
1993), and thus fall within the purview of  pedol- 
ogy. Fur ther  detailed study of  subaqueous soils 
f rom a pedological  perspective could provide de- 
tailed informat ion on the physical and chemical  
characteristics of  subaqueous soils, and their  spa- 
tial distribution within estuarine environments .  
Once the pedological approach is established, a 
classification scheme based on Soil Taxonomy could 
provide the framework to group sediments into 
subaqueous soil types (with specific ranges in char- 
acteristics) in o rder  to conduc t  a soils resource in- 
ventory  of  shallow-water habitats. 

The  resulting maps, p roduced  at a scale of  1: 
12,000 (0.12 km c m  1), would provide users with 
detailed delineations of  subaqueous soil types with- 
in a given survey area. The  subaqueous soil types 
represented  on the maps would have specific char- 
acteristics, which could impact a n u m b e r  of  man- 
agement  decisions. For example,  a subaqueous soil 
type similar to the one  shown in Table 2 would 
have a high potential  for  acid-sulfate weathering if 
d redged  and used for island creat ion or  beach re- 
plenishment .  Exposure of  the buried marshes 
(Oab horizons) (shown in Tables 3 and 4) by 
dredging or storms may preclude these areas f rom 
SAV restocking due  to the high organic carbon 
content .  Subaqueous soils found  to have high po- 
tentials for SAV product ion  could help to bet ter  
identify and protec t  unvegetated sites for future  
SAV revegetation. In addition, subaqueous soil de- 
l ineations (and their  associated physical character- 
istics) could be utilized to examine the distribution 
of  o ther  benthic organisms such as clams or oys- 
ters. Benthic communi t ies  have fairly specific re- 
quirements  in physical propert ies  of  estuarine sed- 
iments (Rhoads 1974), which could also be de- 
scribed with maps of  subaqueous soils. Thus, the 
establishment of  a mapping  protocol  and taxo- 
nomic system for sediments could have a beneficial 
impact on the m a n n e r  in which science-based 
managemen t  decisions are made for  shallow-water 
estuarine habitats. 
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