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ABSTRACT 

 
AN ASSESSMENT OF CARBON, NITROGEN, AND PHOSPHORUS STORAGE AND 

THE CARBON SEQUESTRATION POTENTIAL IN ARCATA’S CONSTRUCTED 
WETLANDS FOR WASTEWATER TREATMENT 

 

Mary C. Burke 
 

 
 

A better understanding of the role that emergent macrophyte species play in 

nutrient storage and specifically carbon sequestration is needed to guide design and 

management of wetlands. In this 2009 study, Typha latifolia and Scirpus acutus were 

studied for biomass productivity, decomposition, and the potential for nutrient storage in 

a 0.8 ha (1.9 acre) constructed wetland for wastewater treatment in Arcata, California, 

USA. The constructed wetland, sampled at one point in time after 24 years of undisturbed 

growth demonstrated 300,000 kg/ha of biomass. Of the two dominant macrophyte 

species, Scirpus acutus demonstrated a more recalcitrant biomass that stores carbon and 

nitrogen. Mean productivity for Typha latifolia was 30,399 kg/ha and for Scirpus acutus 

was 42,264 kg/ha. Decay rates slowed through time for both Typha latifolia and Scirpus 

acutus. Decay rates were measured at days 58, 158, 238, 387, and 487 and for Typha 

latifolia were 0.003, 0.004, 0.001, 0.001, 0.001 d-1 and 0.0014, 0.0012, 0.0002, 0.0002, 

0.0003 d-1 for Scirpus acutus. Due to the slow rates of decay, the wetland system shows 

accretion of 1.5 cm/yr in the peat layer and 1.4 cm/yr in the settled solids. The peat layer 

and settled solids contain 57% of the carbon mass, 79% of the nitrogen mass, and 34% of 
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the phosphorus mass in the wetland system. Using the demonstrated productivity, 

decomposition, and nutrient concentration of the macrophytes, the treatment marsh 

sequesters 21,000 kg C/yr and has accumulated 120,000 kg C over 24 years. The carbon 

sequestered in the constructed wetlands for wastewater treatment plays a beneficial role 

in balancing greenhouse gas emissions from the treatment of municipal waste and for 

adding benefits to the City of Arcata facility. 
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INTRODUCTION 

An analysis of macrophyte productivity and nutrient storage dynamics in a 

treatment marsh can be used in many ways. First, constructed wetland treatment plant 

designers and operators can use the rates of productivity and resulting biomass buildup of 

specific plants to plan for management and design. Examples are designing a harvesting 

plan, or designing constructed wetlands with areas too deep to grow emergent 

macrophytes. Secondly, the species-specific rates of productivity and decomposition can 

inform restoration specialists on biomass accretion and the potential for sequestration of 

nutrients. Understanding uptake, accumulation, and release of nutrients in a wetland is 

important for managing the performance of constructed wetlands. Lastly, research 

scientists are interested in rates of carbon sequestration and emissions to make decisions 

on the appropriateness of using wetlands to offset carbon emissions.  

During the past two hundred years, atmospheric levels of greenhouse gases such 

as carbon dioxide (CO2) and methane (CH4) have increased and are believed to be 

contributing to climate change. An interest in greenhouse gas reduction has led to 

research efforts in carbon sequestration. Wetlands present an opportunity for carbon 

sequestration due to high productivity rates, low rates of decomposition, and soil carbon 

accumulation. Annual biomass produced in the system may not be balanced by annual 

rates of decomposition. Therefore, many wetlands that build banks of biomass are a net 

sink for solid carbon material. The City of Arcata, California was interested in whether a 

constructed wetland for wastewater treatment was sequestering carbon. 
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Wetlands dominated by emergent macrophytes, such as Typha latifolia (Cattail) 

and Scirpus acutus (Bulrush, alternatively named Schoenoplectus acutus), are found in 

the Arcata Treatment Marshes and have the potential to promote carbon sequestration. To 

achieve sequestration, the wetland accumulates more carbon in biomass, such as settled 

solids and macrophyte biomass, than it releases through decomposition or discharge.  

In this study biomass accumulation and nutrient storage were quantified by 

sampling the profiles of two species of emergent macrophytes from leaf to root, core 

samples of settled solids, and the total suspended solids in influent and effluent water 

samples. Additionally, the dynamics of nutrients during decomposition of the two 

macrophytes were studied. The research was focused on the City of Arcata, California, 

constructed wetland wastewater treatment marshes that have been in operation since 

1986. The site of this study was Treatment Marsh 2, which had virtually no open water 

and was dominated by emergent macrophytes Scirpus acutus and Typha latifolia. The 

treatment plant design flow was 2.3 million gallons per day (MGD) with an average 

annual flow of 1.8 MGD. Treatment Marsh 2 received, on average 0.4 MGD. The 

influent to the Treatment Marsh was Oxidation Pond 2 effluent, characterized by seasonal 

averages for biochemical oxygen demand (BOD) and total suspended solids (TSS) of 45 

mg/l, but ranging from 10 to 130 mg/l. Treatment Marsh 2 had a layer of floating biomass 

suspended above the floor of the wetland. The buoyant force of macrophyte roots and 

leaves uprooted the plants from the substrate creating a floating mat of biomass 

(Gearheart 2008). After 24 years the floating mat is about 0.3 meters (1 foot) deep.  
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LITERATURE REVIEW 

For more than 30 years, wetlands have been constructed as a component of 

wastewater treatment systems (Gearheart 1989, Kadlec 2009).  A constructed wetland for 

wastewater treatment is an engineered system designed to leverage the naturally 

occurring water quality improvement processes for the purpose of treating municipal, 

industrial, or non-point source wastewater. Wetlands are highly effective at improving 

water quality and have many ancillary benefits such as habitat creation and low-cost 

operations (Gearheart 1988, Mitsch and Gosselink 2000, Reed 1995, Kadlec 2008). 

Constructed wetlands for wastewater treatment are generally characterized as either free 

surface water wetlands with submerged, floating, and emergent plants, or subsurface flow 

wetlands where the wastewater flows through a porous media that also supports emergent 

plant growth. This project is concerned with free surface water wetlands and use of the 

term “constructed wetland(s)” in this paper refers only to these systems. Subsurface or 

gravel-bed wetlands described in the literature will be indicated by name. 

Wetlands are among the most productive ecosystems in the world (Mun et al. 

2001, Brinson, et al. 1981, Vyzmal 1995, Mitsch and Gosselink 2000). Nutrient 

availability is positively correlated with productivity, and constructed wetlands for 

wastewater treatment are provided an abundance of nutrients (Fernandez 1992). 

Constructed wetlands generally receive secondary treated wastewater from a lagoon or 

oxidation pond. The wetland is a dynamic environment acting as a large clarifier as algal 

solids die and settle under the shade of emergent macrophytes. There is little published 
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data on the long-term accumulation of biomass in a constructed wetland for municipal 

wastewater treatment. It is important to study biomass accumulation and nutrient flux in 

order to understand the dynamics of accretion and nutrient storage in these systems. 

The carbon cycle in wetlands has been studied to understand the linkage between 

biomass generation and carbon sequestration (Crooks 2009, Bridgham 2006, Whiting 

2001, Euliss 2006, Kayranli 2010). The slow rate of decomposition that occurs in flooded 

soils can be offset by vegetation CO2 fixation, resulting in a net carbon accumulation in 

the soil (Whiting, 2001, Kayranli 2010). Wastewater treatment may also serve as a 

carbon-sequestration offset (Rosso 2008). Wetland ecosystems are between a net carbon 

emission and net sequestration system depending on the time scale and hydrology 

(Whiting 2001, Kayranli 2010), operational strategies (Kayranli 2010), and as a 

component of a larger system treating wastewater (Ogden 2001, Rosso 2008). In addition 

to the carbon sequestered in the plant biomass, constructed wetlands use passive natural 

processes and therefore conserve energy and reduce carbon emissions. Compared to a 

high rate treatment facility such as activated sludge, constructed wetlands avoid 

emissions equivalent of 1.3 Mt C/yr for every 1.0 MGD (Ogden 2001). 

There are many mechanisms for the storage and release of carbon in a wetland 

(Figure 1). Mechanisms for keeping carbon in the system are slow decomposition and 

settling of solids. Pathways for release of carbon are respiration, decomposition, and 

physical removal. Photosynthesis is the process whereby a plant transforms atmospheric 

carbon in the form of CO2 into the carbon of plant tissue or biomass. The process of plant 
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respiration releases some CO2 to the atmosphere as a by-product of cellular growth. In 

addition to respiration, plants release carbon as a by-product of decomposition in the 

form of CO2 and CH4. Deposition or removal of solid or dissolved organic carbon can 

occur as water flows in and out of a wetland. 

 

Figure 1: The carbon cycle in wetlands. (after Kayranli 2010) 
 

Growth and Productivity 

Productivity and production commonly refer to the amount of organic matter in a 

specified area that is produced in a growing period (Vymazal 1995). Productivity 

specifically refers to the rate of production over a specified time period such as a day, 

month, or year. Production when accompanied by the unit of time also refers to 

Decomposition 
(aerobic) 
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productivity, the rate of production. The fact that the terminology is used interchangeably 

in the literature (Vymazal 1995) may have a direct effect on the wide range of reported 

values describing plant growth. Wetzel (1973) noted early on in the study of macrophyte 

productivity that even extensive replicate sampling can not reduce the variance in a 

sampled population. 

Gross primary production (GPP) is the total amount of organic matter that is 

photosynthesized by plants in a defined area. Net primary production (NPP) is gross 

production minus losses to predation, death, and respiration (Vymazal 1995) and may be 

20-40% lower than GPP (Tanner 2001). Gross and net primary productivity are reported 

as dry weight mass. Net primary productivity is typically used to represent plant 

productivity and is measured by sampling one time, at peak biomass when the maximum 

amount of living plant material or biomass can be removed at one time (Stephenson et al. 

1980, Vymazal 1995, Fink and Mitsch 2007).  

Emergent macrophyte ecosystems are among the most productive biomass 

generators in the world (Vymazal 1995, Wetzel 1973). Additionally, wetlands are 

estimated to contain about 30% of the terrestrial ecosystem carbon budget (Mitsch and 

Gosselink 2000, Kayranli 2010). Many studies found emergent macrophytes to be highly 

productive yet have highly variable NPP depending upon conditions and type of wetland 

(Wetzel 1973, Stephenson 1980, Vymazal 1995, Kayranli 2010) (Table 1). 
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Table 1: Literature values for above-ground biomass production for Typha spp. and 
Scirpus species. 

Plant Species 
NPP 

(kg/ha) 

Water 

source 

Reference 

(# studies) 

Typha latifolia 600 - 33,490 unknown Stephenson et al. 1980 (10) 

Typha latifolia 480 - 43,710 unknown Vymazal 1994 (25) 

Typha latifolia 480 - 620 wastewater Vymazal 1994 (1) 

Typha latifolia 9,240 - 14,810 wastewater Stephenson et al. 1980 (1) 

Typha latifolia 85,800 wastewater Fernandez 1992 (1) 

Scirpus acutus 8,510 unknown Vymazal 1994 (1) 

Scirpus acutus 7,510 - 9,510 unknown Stephenson et al. 1980 (1) 

Schoenoplectus 

tabernaemontani 
28,000 - 35,000 wastewater Tanner 2001 (1) 

 

The variability in the reported values for macrophyte biomass indicates that there 

is little convergence toward a typical number. Two orders of magnitude can separate 

values for the same species.  Primary productivity can be affected not only by 

terminology as mentioned above, but also by nutrient concentration, age class, and 

unrecorded within season mortality and losses. Typha latifolia and Scirpus acutus grow 

differently with Typha having a stalk made from leaves growing tightly from one point 

on the tuber and Scirpus grows as a single culm, or stalk, that also serves as a stem. 

The annotated bibliography by Stephenson et al. (1980) and the comprehensive 

survey of literature done by Vymazal (1995) provide examples of the wide-ranging 

results for emergent macrophyte production and productivity (Table 1). Reported values 

for above-ground biomass of Typha latifolia grown in wastewater have similar variability 
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as non-wastewater systems but are also described as reaching much greater levels of 

productivity (Fernandez 1992).  

Above-ground biomass of Scirpus acutus is less variable but also less studied 

(Table 1). Research done by Tanner (2001) on a similar species to Scirpus acutus, 

Schoenoplectus tabernaemontani, indicates that measured NPP were greater for the 

population grown in wastewater than for wild populations. This study was conducted on 

second and third season plants grown in sub-surface flow gravel-bed constructed 

wetlands for dairy wastewater treatment with BOD concentration of 92 ± 60 mg/l. 

Natural and wastewater fertilized wetlands with a nutrient gradient from influent to 

effluent yielded decreasing productivity (Tanner 2001, Mitsch and Bouchard 1998). 

Another study showed that low soil nutrient concentrations and low nutrient cycling in 

created wetlands result in lower biomass production (Fennessey 2008). 

Two wetlands in the Olentagny River Wetland Research Park, Ohio (ORWRP) 

have been studied extensively for primary productivity (Bouchard and Mitsch 1998) and 

for ecological succession (Mitsch et al. 2005). The NPP of the ORWRP wetlands 

increased with the age class of the wetland for the first four years (Bouchard and Mitsch 

1998). However, after a period of ten years both wetlands showed a decline in 

productivity by the tenth year (Mitsch et al. 2005). The OWRP wetlands had fluctuating 

levels of productivity driven by large herbivore predation events and increased water 

levels (Mitsch et al. 2005). The NPP was greater at the influent side of the wetland 

compared to the effluent side (Bouchard and Mitsch 1998, Tanner 2001). 
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Root System Development 

A large portion of the total biomass or total NPP produced by emergent 

macrophytes is below the soil surface but there are fewer studies on this topic (Vymazal 

1995). Nutrient availability, environmental conditions, within season losses, and the 

timing of sampling affect below-ground productivity. Typha latifolia may have below-

ground biomass of 50-70% and Scirpus acutus and other species have below-ground 

biomass of between 34-75% (Lakshman 1984). Considerable turnover of the 

Schoenoplectus tabernaemontani rhizomes and roots indicates that the lifetime of a 

rhizome is between 18 and 24 months, and for roots as short as 4 months (Tanner 2001). 

Below-surface biomass declines during the growing period as carbohydrates are used for 

above-surface biomass production. Once the production of leaves or culms ceases, 

carbohydrates are channeled into below-surface biomass (Tanner, 2001). The wide 

variation in reported below-ground productivity is seen in Table 2.  
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Table 2: Literature values for below-ground biomass production for Typha spp. and 
Scirpus spp. in kg/ha. 

Plant species 
NPP 

(kg/ha) 
Water Source 

Reference 

(# studies) 

Typha latifolia 2,000 - 19,730 unknown Stephenson et al. 1980 (4) 

Typha latifolia 3,390 - 43,030 unknown Vymazal (10) 1994 

Typha latifolia 44,200 wastewater Fernandez 1992 (1) 

Scirpus acutus 12,080 - 18,700 unknown 
Vymazal (1994) and 

Stephenson et al. (1980) 

Schoenoplectus 

tabernaemontani 
9,000 - 14,000 wastewater Tanner (2001) 

 

The literature indicates conflicting results for the relationship of below-ground 

productivity and nutrient concentration in the available water. Below-ground productivity 

for Scirpus tabernaemontani, grown in wastewater, was found to decrease with 

increasing nutrient availability (Tanner, 2001). In other studies for both Typha latifolia 

and Scirpus acutus, increased nutrient availability leads to greater overall productivity 

(Stephenson 1980, Vymazal 1994, Fernandez 1992). Tanner’s (2001) well-documented 

study of Schoenoplectus tabernaemontani in sub-surface flow gravel-bed constructed 

wetlands for dairy wastewater treatment indicated a typical value for below-ground 

productivity in natural wetlands of 9,000 – 14,000 kg/ha. In the wetlands with a low 

organic loading rate, root productivity was 23% of the total production and decreased to 

10-13% of the total production in the higher-loaded wetlands. However, Tanner (2001) 

was studying a gravel-bed wetland ecology, where rhizome growth did not reach below 

30 cm and most of the growth was concentrated in the upper 10 cm of the gravel 
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substratum, which may not correlate to free-water surface wetland ecology, or natural 

wetland ecology. 

Contrary to Tanner’s results, other studies indicate that additional nutrients 

provided by wastewater yield productivity values on the upper boundaries of the ranges 

(Stephenson et al. 1980, Vymazal 1994). Just as described for above-ground biomass, 

values for below-ground biomass can vary by an order of magnitude.  

Biomass and Nutrient Dynamics 

Decomposition processes govern changes in biomass and nutrient concentrations. 

Decomposition is the loss of biomass through leaching by water, microbial respiration, 

and consumption by soil invertebrates, insects, and fungi (Brinson 1981, Vymazal 1995). 

The rate of decomposition is affected by the moisture regime, oxygen availability, 

available nutrient concentrations, the populations of invertebrates and fungal community 

composition, pH, and temperature (Stephenson et al. 1980, Brinson 1981, Webster and 

Benfield 1986, Fennessy et al. 2008, Kayranli 2010). These processes alter the total 

material present and the percentage of nutrients in the decaying material.  

Decomposition is measured as weight loss through time and often reported as a 

percentage of nutrients that are associated with the remaining material. Decomposition 

rates for Typha latifolia and Scirpus acutus roots and tubers were not found in the 

literature and are assumed to be similar to above-ground decomposition rates. To 

measure decomposition, typically a pre-weighed sample is wrapped in a mesh bag, 
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known as a “litter bag,” and deployed in the study environment for a pre-determined 

amount of time (Brinson 1981, Valk 1991, Barlocher 1997, Atkinson 2001, Chimney 

2006, Fennessey 2008). The sample is retrieved, cleaned, dried and reweighed. The 

difference between the starting and ending weights is assumed to be the amount lost to 

decomposition. Litter bag study results can misrepresent the rate of decomposition by 

under or over-estimating losses (Christensen, Brinson et al. 1981, Chimney 2006). 

Unknown losses of incompletely decayed fragments may occur when particles slip 

through the mesh or ripped mesh (Brinson et al. 1981) or by alteration of the microhabitat 

either inhibiting or increasing rates of decay (Chimney 2006). 

The rate of above-ground decomposition is fairly rapid within the first year 

(Vymazal 1995, Brinson et al. 1981, Tanner 2001, Atkinson 2001). Freshly senesced 

plants otherwise called “standing dead” typically remain in an aerobic environment 

where they may undergo leaching from rain water or contact with standing water, and 

usually undergo in-situ microbial and fungal decomposition (Vymazal 1995, Brinson et 

al. 1981, Tanner 2001, Welch 2003). The more labile organic substances such as sugars 

and amino acids containing nitrogen (N) and phosphorus (P) are leached from the plant 

biomass in the first stages of decay while later stages of weight loss come from the 

breakdown of recalcitrant cellulose and lignin (Vymazal 1995). Submersed conditions are 

known to increase the rates of decomposition in the presence of dissolved oxygen 

(Atkinson 2001).  

Enriquez (1993) showed for photosynthetic organisms, nitrogen, phosphorus, and 
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moisture content all correlate positively with decomposition rates. Plant tissues with a 

high nitrogen content decompose quickly because decomposer organisms, such as fungi 

and bacteria, have high requirements for nitrogen and phosphorus (Vymazal 1995, 

Fennessey 2008). Additionally, an environment rich in available N and P supports a more 

rich microbial community that is also correlated to more rapid decomposition (Fennessey 

2008). As the decomposer organisms colonize the litter, they concentrate nutrients and 

the litter shows an increase in concentration of nitrogen and phosphorus (Vymazal 1995, 

Enriquez 1993, Chimney 2006). Typically, the faster growing organisms, such as algae 

have high concentrations of nutrients and therefore provide an excellent source for 

decomposers (Enriquez 1993). However, the rate of decomposition can be slowed in 

conditions of low pH and anoxia leading to an accumulation of organic matter (Enriquez 

1993). 

Water temperature is perhaps the most important environmental factor affecting 

the rate of decomposition (Stephenson et al. 1980). Alvarez (2006) found seasonal 

decomposition rates for Typha latifolia in free-water surface constructed wetland were 

highly correlated with temperature, fungal and microbial processes rather than herbivory 

(Chimney 2006). Summer decomposition rates were 1.5 to 3 times greater than winter 

and were associated with warmer temperatures, low dissolved oxygen, and greater water 

nutrient concentration and loading.  

Typha and Scirpus macrophyte-dominated wetlands are considered a net sink for 

nitrogen and phosphorus at most times, but will export nutrients during times of flood 
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pulses (Fink and Mitsch, 2007). Tanner (2001) indicates that plant N and P uptake is 

responsible for 6-11% N removal and 6-13% P removal from wastewater applied to the 

constructed wetlands. Tanner (2001) ran tissue nutrient concentrations on Schoenoplectus 

tabernaemontani that showed a general rise in nutrient concentration with increased 

wastewater loading.  

The age class of a wetland is positively correlated with the rate of decomposition 

because older wetlands tend to have more soil nutrients, greater nutrient cycling 

(Fenessey 2008) and moisture retention in the litter (Atkinson 2001).  

More than half of the biomass produced annually by emergent macrophytes 

Typha latifolia and Scirpus acutus decomposes within the next year (Atkinson, 2001, 

Stephenson, 1980, Fennessey 2008). Decomposition of Typha spp. is faster than that of 

Scirpus spp. (Valk 1991, Atkinson 2001). Vymazal (1994) indicates that Typha latifolia 

reaches 50% decay in 99 – 160 days and that only 5% is left after 1-2 years. The turnover 

rates for Scirpus spp. were 158 - 385 days for 50% decay and 5% is remaining at about 2 

to 4.5 years (Vymazal 1994). Initial losses in the standing litter organic matter content in 

temperate climates for cattails are 70 - 76% loss in the first year slowing to 40 – 65% 

once the litter has fallen (Stephenson et al. 1980). The initial rates of 60-70% loss per 

year for “sedges-bulrush” slows to 20-60% loss per year once the litter has fallen 

(Stephenson et al. 1980). 

The rate of plant litter decomposition (k) is often described by a decay rate 

through time (Table 3). Temperatures or climatic information was not provided for the 
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decay rates listed in Table 3. A simple first order decay rate model uses the decay rate to 

describe the change in the plant dry weight through time (Enriquez 1993). 

Wt = Wo e-kt 

where 

 Wt =dry weight of sample after a certain amount of time  

Wo = dry weight of initial sample 

k = rate of decay 

t = time of decay 

Table 3: Values for decay rate of macrophytes and phytoplankton. 

Plant types k rate Conditions Reference 

 (d-1)   

Typha latifolia 0.007 unk. Vymazal 1994 

Typha latifolia 0.00403 unk. Vymazal 1994 

Typha marsh 0.001 water Findley et al. 1990 cited in Enriquez 1993 

Scirpus acutus 0.0018 unk. Vymazal 1994 

Scirpus acutus 0.0020 water 
Godshalk and Wetzel 1978 cited in 

Enriquez 1993 

Scirpus acutus 0.0050 water 
Godshalk and Wetzel 1978 cited in 

Enriquez 1993 

Phytoplankton 0.053 water 7 studies cited in Enriquez 1993 

 

The macrophyte species do not differ much in the range of values for the rate of 

decomposition however the length of study is not indicated and the rate for the expected 

rapid initial decomposition cannot be separated from the longer-term slower 

decomposition. 
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Biomass and Nutrient Accumulation 

Annual decomposition of macrophytes is typically an incomplete process 

whereby biomass and nutrients are accumulated in a wetland system. The rate of 

accumulation of biomass and nutrients is influenced by the cycle of inundation, amount 

of oxygen, the rate of decomposition, the amount of material being produced within the 

system (autochthonous), and the amount of material being imported into the system 

(allochthonous). As described in the section on decomposition, saturated anoxic 

conditions can yield slower decomposition rates (Enriquez 1993, Kayranli 2010). In 

addition to biomass accumulation through incomplete decomposition, wetland accretion 

can be driven by settled solids accumulation from settling of allochthonous and 

autochthonous sources of organic and inorganic material (Mitsch and Gosselink 2000, 

Kayranli 2010). This is evidenced by greater settled solids accumulation in the ORWRP 

wetlands found at the inlet, and gradually decreased toward the outlet, and greater 

amounts were found in the open water zones where flowing water deposited solids 

(Anderson and Mitsch 2006). In a typical natural wetland, decomposing biomass and 

allochthonous material contribute to the build-up of soils. 

Wetland soils can be inorganic or organic in nature depending on the 

concentration of organic matter. Macrophyte dominated wetlands can produce a peat soil 

(Graham 2005, Euliss 2007), a relatively un-decomposed organic soil that contains more 

than 20 to 35 percent burnable organic material (Mitsch and Gosselink 2000). Wetland 

accretion proceeds at a rate of 0.5 to 6.1 mm/yr (Table 4). The accumulation of peat soils 
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is influenced more by slow decomposition of roots and wood under anaerobic conditions 

with constant high water levels and not solely because of high plant production (Chimner 

2005). Temperate and boreal peatlands show less accretion than the macrophyte 

dominated marshes in the Klamath lake region of southern Oregon (Graham 2005). 

Additionally, settleable solids such as dead algae may contribute to accretion (Anderson 

and Mitsch 2006). 

Table 4: The rate of accumulation of peat and settled solids in wetlands. 

Type of 

accumulation 

Type of 

wetland 
Rate Value Reference 

Peat accretion 
Forested 

tropical  
(mm/yr) 0.5-2 Chimner (2005) 

Peat accretion 
Emergent 

macrophytes 
(mm/yr) 2.4-6.1 Graham 2005 

Settled solids 
Emergent 

macrophytes 
(kg/hectare/yr) 

45,000-

490,000 

Anderson and Mitsch 

2006 

 

In addition to soil accumulation, wetlands have been shown to accumulate 

nutrients carbon, nitrogen, and phosphorus (Bouchard and Mitsch 1998). Nutrient 

accumulation occurs when nutrients are stored along with the build-up of wetland 

material. Typical percentages for carbon, nitrogen, and phosphorus are given in Table 5 

for macrophytes, soils, settled solids, and freshwater algae. Carbon accumulation is 

largely due to un-decomposed plant material such as lignin and cellulose. Typically, 48% 

of biomass is organic carbon, therefore the largest storage component of biomass is the 
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same as the largest storage of organic carbon. The largest storage of carbon in wetlands 

occurs in organic soil formation (Kayranli 2010). Additional nutrients, such as N and P 

also accumulate in wetlands (Mitsch and Bouchard 1998). In the ORWRP wetlands open 

water zones there was greater accumulation of total C and slightly greater accumulations 

of N and P, which may be associated with greater algal production in open water areas. 

The accumulation of N can be from amino acids and other nitrogen containing plant 

material in the accumulation of biomass that has not decomposed. Additionally, the 

accumulation of N in decomposing plant material is a result of microbial decomposers 

which uptake the nutrients as their populations grow. Nutrient accumulation of P is 

usually due to adsorption on organic particles and co-precipitation with CaCO3.  

Table 5: Typical values for the percent of nutrients carbon, nitrogen, and phosphorus in 
dry weight (DW) of macrophytes, soils, settled solids, and algae. 

 
Carbon 

(% DW) 

Nitrogen 

(% DW) 

Phosphorus 

(% DW) 
Source 

Macrophytes 45-47 0.9-3.6 0.13-0.3 
Stephenson et 

al. 1980 

Soils 0.007 – 0.5 0.001 – 0.002 
0.000035 - 

0.0053 
Vymazal 1995 

Settled 

solids 
0.03 0.0005 0.00067 Vymazal 1995 

Freshwater 

Algae 
12.2 – 67.7 0.78 – 11.25 0.04 – 0.96 Vymazal 1995 

 

Nutrient accumulation occurs along with biomass accretion and is dependent upon 

the type of biomass, and the pattern of inundation. Table 6 provides values for nutrient 
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sequestration. Nutrient accumulation in the Klamath peat marshes indicates a relatively 

steady rate of accumulation for the past 100 years (Graham 2005). Graham found that P 

accumulation in peat may be facilitated by the constant addition of organic material for P 

adsorption and that C and N are stored in the biomass material. Anderson and Mitsch 

(2006) also found that the rate of nutrient retention increased or stayed the same over a 

10-year period. However total P was bound to sediment and was exported from the 

wetlands during periods of heavy innundation. 

Table 6: Rate of accumulation of carbon, nitrogen, and phosphorus in wetlands. 

Type of 

accumulation 

Value 

(kg/hectare/yr) 
Reference 

OC 830 Euliss 2007 

C fixation 5,000-11,000 Bouchard and Mitsch 1998 

C sequestration 8,300-30,500 Mitsch and Gosselink 2000 

TC in peat 3,300-20,900 Graham 2005 

TN in peat 280-1730 Graham 2005 

TP in peat 12-75 Graham 2005 

 

Created and restored temperate wetlands may be the best opportunity for carbon 

sequestration due to high rates of productivity and the restoration of wetland area from 

crop-lands (Mitsch and Gosselink 2000, Euliss 2007).  

In summary, wetlands with abundant nutrients tend to have high rates of 

productivity. Saturated conditions with low dissolved oxygen, cooler temperatures, and 

settling of solids create conditions for biomass and nutrient accumulation. Decomposition 
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of primary productivity in wetlands tends to slow after the first year producing a backlog 

of plant biomass that may support invertebrate and fungal colonization. Nutrient storage 

increases with nutrient loading and is seen to increase with the presence of fungal 

communities. Carbon, nitrogen, and phosphorus storage increases with biomass storage. 

Constructed wetlands have a high nutrient load, high productivity, and favorable 

conditions for settling solids. These conditions are positively correlated with nutrient 

storage and when combined with low-cost operations, produces a system designed to 

offset greenhouse gas emissions. 
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METHODS AND MATERIALS 

Study Site 

This study was conducted in the City of Arcata’s constructed wetlands within the 

Arcata Marsh and Wildlife Sanctuary (AMWS) for municipal wastewater treatment, 

located in Humboldt County, coastal northwest California at Latitude: 40°51’09.05” and 

Longitude: 124°05’16.29”. The City has a year 2010 census population of 17,231 and the 

wastewater treatment facilities are designed to treat a yearly average of 8,700 m3day-1 

(2.3 MGD) (Hull and Tyler, 1988). 

 

Figure 2: Arcata, California and location of the Arcata Wastewater Treatment Facility. 
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The Arcata Marsh and Wildlife Sanctuary has an innovative wetland system for 

treating municipal wastewater (Figure 3). The “Marsh” refers to a constructed wetland 

wastewater treatment system incorporating primary and secondary wastewater treatment. 

Primary treatment is the process of solids and liquid separation and occurs in the 

headworks and clarifier. Secondary treatment is biochemical conversion of municipal 

wastewater to biomass and occurs in the oxidation ponds, treatment marshes and 

enhancement wetlands.  

 

Figure 3: Arcata Marsh Wastewater Reclamation System (2009) 
 

This study focuses on 0.8 ha (1.9-acre) Treatment Marsh 2, a wetland that 

receives influent from Oxidation Pond 2 (Figure 4). The surface of the marsh is almost 

completely covered by emergent macrophytes, Typha latfolia and Scirpus acutus 
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(alternatively named Schoenoplectus acutus). The emergent species are not rooted to the 

bottom of the marsh, but are growing from a floating mat of roots and decomposing plant 

material. The mat of plants and plant material floats above 1.2 m (4 feet) of water.  Two 

box weirs control the rate of flow entering the marsh and four effluent box weirs with 

fixed weir levels maintain a constant water depth. In 1998, the wastewater treatment plant 

staff added additional effluent weir boards and raised the level of water in the marsh from 

the design depth of 0.75 meters (2.5 feet) to its current level of about 1.2 meter (4 feet). 

The total volume in Treatment Marsh 2 is approximately 2.4 million gallons. 

Management practices include a single event of cleaning out settled solids in an 8 meter 

strip along the inlet (south) end and increasing the depth in this area to about 2 meters 

(Gearheart 2009). In 2005, the single effluent weir box was replaced with 4 weir boxes 

located along the northern end to increase hydraulic efficiency. In the fall of 2008, a 25 

by 15 meter section of willows along the west edge was removed to increase the 

hydraulic efficiency of the marsh (Figure 4). 



24 

 

 

Figure 4: Treatment Marsh 2 showing harvested areas and weirs. 
 

Quadrat and Sampling Basics 

The wetland was described by measuring basic characteristics of samples taken in 

twelve, 1/16th square meter quadrats in August and September, 2009. The complete study 

period is considered to be the 2009 calendar year when the biomass samples were 

collected, however settled solids were collected in January 2010 and the decomposition 

study continued until May 2010. The parameters measured in each quadrat were the 

number of culm or leaves, the maximum height of the tallest emergent macrophyte 
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species, water depth and root depth. The sample components measured were above-

surface live leaves or culm, above-surface standing dead leaves or culm, above-surface 

leaf or culm litter material, below-surface live root and tubers (referred to collectively as 

roots), below-surface dead roots, below-surface peat material, and below-surface settled 

solids. The roots and tubers were separated from the peat material and rinsed. 

Biomass Sampling and Analysis 

Sample points for biomass assessment were located in three sections (beginning, 

middle and end) of the treatment marsh (Figure 5). In order to avoid edge-effects and 

abnormal areas, samples were not collected from within 2.5 meters of the east and west 

edges, the large ponded area on the west side, and the edges of both the influent and 

effluent ends. Twelve sample points were selected to capture vegetated areas dominated 

by study species, Typha latifolia or Scirpus acutus. Each marsh section contained 2 

sample points in Typha dominated areas and 2 sample points in Scirpus dominated areas 

for a total of 12 sample points, with 6 in areas dominated by each macrophyte. These 

sample points were visited 3 times to capture above-surface biomass (August 26 – 

September 10, 2009), below-surface biomass (September 19 – October 12), and settled 

solids (January 19-29, 2010). 

Biomass samples were dried to a constant weight and measured as a dry weight 

(DW). The standard method for establishing a dry weight for agricultural material is to 

oven-dry samples between 60 and 80°C until a constant weight is achieved (Allen, 1989). 
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Nutrient analysis for total carbon (TC), total nitrogen (TN), and total extractable 

phosphorus (PO4-P) was performed on 3 replicates of each of the sample components 

described in the following sections. The analysis was performed by the University of 

California at Davis Agricultural and Natural Resources Analytical Laboratory (DANR 

Lab). Total carbon and total nitrogen were measured using flash combustion to convert 

all organic and inorganic substances into combustion gases. Once in gas form, the sample 

was quantified using a gas chromatographic separation system and thermal conductivity 

detection system that has a limit of 0.1% for carbon and 0.02% for nitrogen. Total 

extractable phosphorus was determined by first using 2% acetic acid for extraction 

followed by reacting with ammonium molybdate and antimony potassium tartrate to form 

a complex. The complex was reduced with ascorbic acid to form a blue complex that 

absorbs light at 880 nm and determined the concentration of phosphorus 

spectrophotometrically. 
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Figure 5: Treatment Marsh 2 sample points and sections. 
 

Above-surface Biomass Sampling 

Above-surface biomass in the treatment marsh was characterized by removing all 

above-surface plant matter within a 1/16th square meter footprint at maximum standing 

crop during August and September 2009. The 1/16th square meter sample area, or 

quadrat, was delineated by a 25cm meter PVC square placed on the ground. The 

maximum height of the dominant species within the quadrat was recorded. Plants were 

     Approximately  
     5 meters 



28 

 

removed by cutting at the lowest point possible above the surface of the growing 

substrate. All plant material was included if it was in or crossed into the vertical 

boundaries of the quadrat. Samples were separated into live growth, standing dead, and 

litter for all species. Once harvested, the plant samples were cut into approximately 20 

cm lengths to facilitate drying and then placed in a 65ºC oven until samples achieved a 

constant weight. This value was recorded as the dry weight value to the nearest 0.01 

gram. Sub-samples of live, standing dead, and litter were sent to the DANR Lab for 

analysis. 

Below-surface Biomass Sampling 

Below-surface biomass was characterized by removing the roots and peat mass 

below the water surface within the 1/16th square meter footprint from where the above-

surface samples were taken. The below-surface biomass samples were removed in 

October and November 2009. The root and peat mass is composed of tubers, fine roots 

and decomposing root material or peat. The peat is the growth substrate for the above-

surface biomass.  Long-bladed shears were used to cut the root and peat mass from 

waterline to a depth of an arm’s length, about 0.7 meters (2.5 feet) and included almost 

all of the root and peat mass within the sample quadrat. A plastic mesh sling was inserted 

in the water from one side of the root and peat mass, wrapped around the bottom and 

pulled up alongside the opposite side of the mass. The sling was then used to lift the root 

and peat mass with as little plant root and peat loss as possible.  

The tuber roots were separated from the peat and then separated by species. The 
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volume of the peat without tubers was measured in a volumetric container. The tubers 

and attached fine roots of each study species were rinsed, measured and cut into 

approximately 20 cm pieces to facilitate drying in a 65ºC oven until samples achieved a 

constant weight. This value was recorded as the dry weight value to the nearest 0.01th of a 

gram. Sub-samples of the tubers, fine roots of each species and growth substrate were 

sent to DANR Lab for analysis.  

Settled Solids Sampling 

Settled solids were characterized by taking a core sample at each of the 12 sample 

points with a Phlegar gravity corer in December 2009 through January 2010. The coring 

device contains sample polycarbonate tubing with an outer diameter of 1.5 inches, and an 

inner diameter of 1.375 inches. Each sample was measured for total depth and then 

frozen. Frozen cores were divided into two age class sections, for long-term and near-

term carbon assessment within the same sample profile. The upper 5 cm of settled solids 

has settled on top of the lower profile of settled solids and was classified as a near-term 

age class; the lower profile classified as a long-term age class. The settled solids were 

dried at 65°C in an oven until samples achieved a constant weight. This value was 

recorded as the dry weight value to the nearest 0.01th of a gram. Sub-samples of the 

settled solids were sent to DANR Lab for analysis. 

Decomposition Samples 

Decomposition was characterized by studying the change in plant leaf and culm 
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mass through time. Decomposition tests were run on above-surface biomass for the study 

species, Typha latifolia and Scirpus acutus, during two study periods. The plants were cut 

into 20 cm sections and wrapped into a bag made of 1.5 mm mesh screen. A subset of 

samples was dried and used to calculate an initial dry weight. The samples were deployed 

on the surface of the treatment marsh buried in the leaf litter layer. The samples were not 

submerged below the water line in the wetland. Study period 1 samples were removed at 

90, 239, and 339 days. Study period 2 samples were removed at 58, and 158 days. Study 

period 1 plants were harvested late April 2009 and installed in the marsh in June 2009. 

These plants senesced in the fall of 2008 and had over-wintered in the treatment marsh. 

Study period 2 examined plants that were harvested in December and installed January 

2010. These plants had grown during the same year. To establish a final weight, the 

sample bags were cut open, carefully rinsed over a 1.5 mm screen and dried at 65°C in an 

oven until samples achieved a constant weight. This value was recorded as the dry weight 

value to the nearest 0.01th of a gram. Sub-samples of the decomposition samples were 

sent to DANR Lab for analysis.  

Water Column Sampling and Analysis 

In order to assess the suspended solids that enter the marsh by being carried in the 

water column, Treatment Marsh 2 influent and effluent weir water samples were taken 

weekly and analyzed for total suspended solids (TSS) in accordance with Standard 

Methods for Examination of Water and Wastewater (APHA Eaton et al., 2005). The 

inches of water flowing over the influent weirs was recorded so that the flow through the 
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marsh could be computed. The influent flow is assumed to be equal to the effluent flow 

as there is no accurate way to measure the effluent flow. The flow rate and TSS 

measurements were used to calculate the amount of solids that settle in the marsh during 

a year. 



32 

 

RESULTS AND DISCUSSION 

The vegetation in Treatment Marsh 2 was a mixed population of Typha latifolia 

and Scirpus acutus. Certain areas were dominated by one species but both species were 

found throughout the marsh. Williams (1985) determined that the maximum standing 

crop in the Arcata marsh occurs during August and September. The total percent cover in 

each quadrat ranged from 40 to 80%. There was an average of 146 live and 116 dead 

macrophyte stems per square meter of both Typha latifolia and Scirpus acutus. Scirpus 

acutus live and dead stems comprised 75% and 87% of the total according to the number 

of stems. Laglace (2000) found stem densities for Typha latifolia average 43 stems/m2 

and 191 stems/m2 for Scirpus acutus in the Arcata marsh pilot cells (now called 

Treatment Marsh 4) and treatment cells. Compared to what Lagace (2000) measured in 

Treatment Marsh 4, there is an 34% increase in Typha latifolia density and a 33% 

decrease in Scirpus acutus. 

For both species of macropyte, the live maximum height was an average of 3 

meters, standing dead max height averaged at 1.25 meters, and litter height averaged 0.43 

meters. Live max height and standing dead height averages did not differ between plots 

dominated by either macrophyte species. Average litter height was slightly greater in the 

Typha latifolia (33 cm) than the Scirpus acutus (28 cm). 

The substrate from which the macrophytes grow falls under the classification of 

fibrist (peat), saprist (muck), and hemist (shares conditions of peat and muck) soil types 
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(Mitsch and Gosselink 2000). The upper layer of substrate is more typical of a fibrist soil 

with two-thirds of the plant material identifiable. The lowest layers of substrate are 

saprist and less than one-third of the plant fibers are identifiable. The middle layer is a 

mixture of the muck and peat. The thickness of the peat-like material remained fairly 

uniform across the quadrats at 37 ± 6 cm. A rough estimate of the rate of accretion can be 

derived from the total depth and the number of years the process has occurred. The 

process of accretion has occurred for 24 years, since the planting of the treatment marsh, 

yielding a rate of 1.5 cm/yr (0.6 in/yr). It is important to note that the rate of accretion 

likely was altered by the uprooting in 1985 and may have increased due to lack of direct 

water contact. 

Total suspended solids (TSS) entering Treatment Marsh 2 during the year 

averaged 43±2.83 mg/l and TSS leaving Treatment Marsh 2 averaged 25± 1.78 mg/l with 

an average removal of 19±1.57 mg/l. The average removal concentration and average 

flow rate of 0.5±0.18 MGD were used to calculate an estimate of 11,600 kg TSS/yr 

(25,600 lbs TSS/yr), as the amount of solids that settled in Treatment Marsh 2. Settled 

solids thickness varied in relation to the sample location with the deepest settled solids 

samples having been retrieved from the influent end of the treatment marsh where 

incoming solids settled. The settled solids samples were an average of 28.4±0.37, 4±1, 

and 13.4±2.3 cm deep for the influent, middle, and end samples respectively. The total 

settled solid average depth was 16.3±3.2 cm. The low value for the middle samples was 

likely due to sampling equipment failure that necessitated repeated sampling of the same 



34 

 

area. The rate of accretion can be derived from the total depth and the number of years 

the process has occurred. The macrophytes unrooted in 1985 pulling roots and decaying 

biomass up into a floating mat, leaving the wetland floor mostly bare. The best estimate 

for settled solids accretion is through an 11 year time period yielding a rate of 1.4 cm/yr 

(0.5 in/yr). Using the first order decay rate model and the k rate of 0.053, 99% of the 

algae would be estimated to have decomposed. However, there was an observed buildup 

of algal material indicating that the rate of decay was significantly less than is described 

in the literature. The lower rate of decay was likely due to the constant TSS loading 

which works to create anoxic conditions. The low winter temperatures, and mild year-

round climate of the Arcata marsh location may also contribute to the slow decay rate. 

Ammonia concentration through the marsh can provide an indication of whether 

or not nitrogen is in demand by the growing macrophytes. Ammonia entering Treatment 

Marsh 2 during 2009 averaged 7.2±1.0 mg/l with a range of 0.1 to 24.5 mg/l. Ammonia 

leaving Treatment Marsh 2 averaged 9.2±1.2 mg/l with a range of 0.2 to 31.9 mg/l. This 

indicates that ammonia is not being taken up by the macrophytes through the length of 

the treatment marsh, in fact the settled solids decay and more ammonia is emitted than is 

removed in the marsh. This exportation of ammonia was noticeable during months when 

temperatures were warm enough for the TSS to decompose.  

Phosphorus measuring started in July of 2010 and ran through March 2011. The 

average, min and max values, 3.8, 2.3, and 5.3 mg/l did not change through the marsh. 

The lack of change may be representative of the timing of sampling that does not include 



35 

 

the spring during which time phosphorus uptake may occur in the macrophytes. 

Alternatively, the lack of change may reflect the age of the marsh and lack of adsorption 

sites for phosphorus. 

Net Primary Productivity 

Average above-surface net primary productivity (NPP) was calculated as an 

average of all 12 sample quadrats for the mixed macrophyte community and also reported 

for the individual species (Table 7). Six quadrats for each species provide NPP where the 

species has the dominant above-surface growth (Table 7). The NPP in these quadrats are 

reported to provide an estimate of productivity as a monocrop. 

The mixed macrophyte population was 35,000 kg per hectare. Compared with the 

40 studies listed in the literature review, the NPP for Treatment Marsh 2 yields the 

second to greatest value of 35,000 kg/ha. Sixty-eight percent of the high value for the 

above-surface NPP is from Typha latifolia NPP which is near, but does not exceed the 

maximum value in the literature review. The Scirpus acutus NPP exceeds the literature 

values for Scirpus acutus, but is within the range reported for a similar bulrush species 

Schoenoplectus tabernaemontani, which was grown in wastewater.  

The average below-surface NPP for the mixed species stand was 37,000 kg/ha 

(Table 7) and is among the higher values reported for either Typha or Scirpus 

communities in the literature. Eighty-two percent of the Treatment Marsh 2 below-

surface NPP is attributed to Scirpus acutus for which the average NPP exceeds the range 
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of values reported in Table 2. Scirpus acutus roots and tubers are a more firm, almost 

woody material that may be the cause of the large percentage of the total below-surface 

biomass. The Scirpus acutus tubers may grow more abundantly due to the conditions in 

Treatment Marsh 2 such as low resistance provided by the floating peat and the abundant 

nutrient supply. The exceedance of the Scirpus acutus below-surface NPP may be a result 

of the few studies reporting values for this category of NPP. 

Table 7: Above-surface and below-surface net primary productivity for the mixed 
macrophyte population and individual species.  

 Plant species Avg. Min Max StDev 
Sample 

size 

  (kg/ha) (kg/ha) (kg/ha) (kg/ha)  

Typha latifolia and Scirpus acutus 34,769 12,102 83,644 27,187 12 

Typha latifolia 23,696 0 64,264 27,093 12 

Scirpus acutus 11,073 0 23,821 7,830 12 

Typha latifolia in Typha dominant 46,333 12,852 64,264 19,593 6 
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Scirpus acutus in Scirpus dominant 14,709 12,102 20,418 3,010 6 

Typha latifolia and Scirpus acutus 36,894 8,174 62,081 19,322 12 

Typha latifolia 6,703 0 14,382 5,160 12 

Scirpus acutus 30,191 0 60,001 20,913 12 

Typha latifolia in Typha dominant 11,020 5,578 14,382 3,410 6 
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Scirpus acutus in Scirpus dominant 40,195 15,350 60,001 15,022 6 

 

The total NPP including both above and below-surface productivity for the mixed 

macrophyte population in Treatment Marsh 2 was 72,000 kg/ha. The ratio of above to 

below-surface productivity for the mixed population is approximately 1 to 1. The ratio of 

above to below-surface productivity was 4 to 1 for Typha latifolia, but was 1 to 3 for 
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Scirpus acutus. The high above-surface productivity and low ratio for Scirpus acutus 

highlights the recalcitrant below-surface biomass. The high ratio for Typha latifolia 

indicates the large above-surface productivity compared to below-surface productivity. 

To assess the individual species as a monocrop, Typha latifolia NPP in all 12 

quadrats was compared to the 6 sample quadrats where Typha latifolia was in Typha 

latifolia dominated quadrats (Table 7). In the 6 Typha latifolia dominant quadrats the 

average above-surface NPP was 200% as productive and below-surface NPP was 60% 

more productive than for all quadrats. Compared to Scirpus acutus NPP in all quadrats, in 

the 6 sample quadrats where Scirpus acutus was the dominant macrophyte, the above-

surface NPP average was 33% greater and root productivity increases by 33%. As there 

are only 6 samples for each species’ productivity when it was dominant, the values 

provided are only an estimate of the potential for productivity as a monocrop. 

The values for NPP including both above and below-surface productivity for 

Typha latifolia and Scirpus acutus were in the upper values reported in the literature. This 

supports the theory that additional nutrients provided in the wastewater and the 

conditions provided by the floating biomass results in increased biomass productivity. If 

Lagace (2000) stem density from a different treatment wetland can be assumed to be 

similar to Treatment Marsh 2 in 2000, the population density appears to be increasing in 

Typha latifolia and decreasing in Scirpus acutus. 
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Decomposition 

Typha latifolia and Scirpus acutus have different primary productivities and 

decompostion rates. In order to estimate decomposition over time for the above-surface 

primary productivity, two decomposition studies were performed. Study period 1 was 

harvested from the standing dead crop of plants that had grown in 2008 and deployed 

June 5, 2009 until the last samples were removed 11 months later. Study period 2 

samples were harvested from freshly senesced plants and were deployed January 30, 

2010 until the last samples were removed 4 months later. The second study period 

represents the freshly senesced plants through the winter, and the first study period 

represents plants following a winter exposed to the elements. Therefore, applying the first 

study period’s rate of decomposition to the second study period’s samples allows an 

estimate of a period of 487 days (Figure 6). 

Typha latifolia reached 50% loss between day 58 and day 158 whereas Scirpus 

acutus did not reach 50% decay by the end of the 487 day period. Therefore it is 

demonstrated that Typha latifolia experienced a greater rate of decay and more delivery 

of decay by-products to the system than Scirpus acutus. 
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Figure 6: Decomposition of above-surface leaf or culm material from Typha latifolia and 
Scirpus acutus estimated over a period of 487 days. 

 

The decay rate was calculated for mass lost during the period of decomposition 

with the simple decay model (Enriquez 1993). The decay rate for Typha latifolia and 

Scirpus acutus NPP decreased after 158 days (Table 8). The rate of decay was faster for 

both species for the first 158 days and was much slower through 487 days supporting the 

concept of initial rapid mass loss to leaching. The decay rates for Typha latifolia were all 

within the reported values from the literature reported in Table 3. Decay rates for Scirpus 

acutus were all lower than the literature values. The difference in the reported values 
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versus this study may be the location of samples through the study period. As indicated in 

Table 3, decomposition samples were often placed within water, which facilitates 

leaching. Treatment Marsh 2 samples were placed on the surface of the floating peat 

layer, under any available litter but not submerged in water. Typha latifolia may lose 

weight quickly whether submerged or not due to highly mobile carbohydrates in the leaf 

tissues. The harvested Treatment Marsh 2 decomposition samples had a noticeably slimy 

consistency on the surface whereas the Scirpus acutus samples were almost never slimy 

or overly moist.  The slimy consistency is assumed to be the carbohydrates held within 

the tissues. 
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Table 8: Decay rate for macrophytes over a period of 487 days with a sample size of 9. 
Days of 

decomposition 

Typha latifolia 

k rate 

Scirpus acutus 

k rate 

 (d-1) (d-1) 

58 0.003 0.0014 

158 0.004 0.0013 
238 0.001 0.0002 

387 0.001 0.0002 

487 0.001 0.0003 

 

Given the lack of literature values on below-ground decomposition, the below-

surface rate of decomposition is assumed to be similar to the above-surface rate. With 

this assumption it is possible to make an estimate of how much of the annual biomass 

(NPP) remains after one year. Residuals were calculated at the 158 day k rate for both 

species for the first 158 days and the 387 day k rate for the remaining 207 days of an 

annual cycle. 

Table 9: Calculated residual NPP after one year. 
Plant Species Sample component NPP (W0) NPP (Wt=158) NPP (Wt=207) 

  kg/ha kg/ha kg/ha 

Typha latifolia Above-surface 23,696 13,630 11,082 
 Below-surface 6,703 3,856 3,135 

 Total 30,399 17,486 14,217 

Scirpus acutus Above-surface 11,073 8,946 8,583 

 Below-surface 30,191 24,392 23,403 
 Total 41,264 33,338 31,986 
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Using the NPP and the two k rates for each species, there would be 47% residual 

Typha latifolia NPP and 78% residual Scirpus acutus NPP remaining after one year, 

which is in agreement with the percent residual shown in Figure 6.  

Biomass of Mixed Macrophyte Population 

Treatment Marsh 2 had 77% of the total biomass contained below the surface of 

the wetland and 23% contained in the above-surface sample components (Figure 7). 

Above-surface components contained macrophyte live and litter leaf and culm samples. 

The below-surface sampling contained macrophyte live and dead roots, and the peat 

substrate. The settled solids sampled from the wetland floor were isolated from the 

macrophyte population and are indicated separately. Above-surface biomass was 23% of 

the total, below-surface biomass was 51% of the total and settled solids made up the 

remaining 26% of the total biomass in the system.  
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Figure 7: Fraction of macrophyte community as average biomass (kg/ha) in the various 
compartments. 

 

In order to understand the individual species contribution to biomass and nutrient 

sequestration, many of the samples from the 12 quadrats were separated into individual 

species. All above-surface samples and below-surface root samples were divided 

according to species, however, the peat and settled solids could not be divided due to the 

mixed nature of the samples. Scirpus acutus accounted for two-thirds of the identifiable 

macrophyte material and produced half of the leaf material, twice as much litter, and 

more than 4 times the live root material than Typha latifolia (Table 10). This indicates 

that Typha latifolia mobilizes the stored carbohydrates to produce a large amount of 

above-surface biomass and Scirpus acutus retains more biomass in the rootstock and 



44 

 

produces less above-surface biomass, which in turn decomposes less quickly. In the 

combined macrophyte community, above-surface biomass live and litter were present in a 

1:1 ratio. For the below-surface root biomass the ratio of live to dead was 3:1. The ratio 

of live to dead root biomass indicates Scirpus acutus has recalcitrant root material.  

The peat and settled solids biomass could not be separated to reflect individual 

species and are therefore reported as the average for all quadrats. The average depth of 

the peat layer was 37 cm (14.5 in) with a maximum depth of 45 cm and a minimum depth 

of 27 cm. The peat biomass component was the largest portion and may be absorbing the 

roots and tubers quickly as they decompose resulting in a low value for dead roots. To 

achieve this depth of peat layer over a period of 24 years, the simple rate of accretion 

would be 1.5 cm/yr (0.6 in/yr).  

The settled solids biomass was the second to largest portion most likely because it 

was being loaded at a fairly constant rate and was subject to completely anoxic conditions 

(Table 10). The total biomass of Treatment Marsh 2 was estimated to be 300,000 kg/ha. 
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Table 10: Biomass of Typha latifolia, Scirpus acutus, and mixed species population. 

Sample component 

Typha 

latifolia 

(DW kg/ha) 

Scirpus 

acutus 

(DW kg/ha) 

Mixed 

population 

(DW kg/ha) 

Percentage of 

Dry Weight 

(%) 

Live above-surface 23,696 11,073 34,769 12% 

Litter above-surface 10,788 23,418 34,206 12% 

Live root below-surface 6,703 30,191 36,894 13% 

Dead root below-surface 4,760 7,551 12,311 4% 

Peat below-surface n/a n/a 99,067 34% 

Settled solids below-surface n/a n/a 76,495* 26% 

Total average biomass n/a n/a 325,186 100% 

* value does not include settled solids from quadrat 10C 
 

The litter category contained subsequent year’s decomposing NPP and allowed 

the opportunity to compare these values to the estimates produced with the decay model 

from the litter bag study (Table 11).  

Table 11: Comparison of observed and calculated litter biomass. 

Plant species  
k rate biomass/ 

observed biomass 

  (ratio) 

Typha latifolia Above-surface litter 1.17 

 Below-surface litter (Dead root value) 0.75 

 Total litter 1.04 

Scirpus acutus Above-surface litter 0.11 
 Below-surface litter (Dead root value) 0.90 

 Total litter 0.30 
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Comparing the k rate to the observed biomass provides an estimate of how well 

the calculated k rate values match the observed values. A ratio of 1 indicates that the 

calculated k rate for decomposition estimates the amount of measured litter. Typha 

latifolia above-surface litter yields a ratio greater than 1, which indicates that the actual 

decay of Typha latifolia was more rapid than indicated by the calculated k rate method. 

Scirpus acutus above-surface litter was 10 times greater than the calculated litter, 

indicating that Scirpus acutus tissue is more recalcitrant than was shown with the k rate 

method. The Typha latifolia and Scirpua acutus below-surface observed litter, dead root 

values were slightly greater than the calculated k rate litter values. 

The k rate method is shown to both over and under-estimate the amount of litter 

remaining after one year. This indicates that the method is not biased toward over or 

under-estimating the result. However, there may be species-specific effects of the litter 

bag study. In other words, Scirpus acutus decomposition may be inhibited by the litter 

bag whereas Typha latifolia may not be adversely affected. The k rate method under-

estimated the amount of material that remains after one year for the root values. This may 

be a factor of the assumption that the above-surface rate of decomposition is equal to the 

below-surface rate, and could be due to the fact that the roots are constantly inundated 

with water and may experience slower decomposition than above-surface aerobic 

decomposition. 

Nutrient Concentration in the Mixed Macrophyte Population 

Nutrient concentration of biomass varied depending upon the studied sample 
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compartments: live, dead, macrophyte, settled solids, and peat (Figure 8). Percent nutrient 

concentration in each compartment was calculated for each species by multiplying the 

average of 12 biomass (kg/ha) samples by the average of 3 values for percent 

concentration of nutrient samples and dividing by the total nutrients (kg/ha) in the 

species’ biomass. 

As expected, carbon and biomass were directly related with biomass containing 

approximately 48% carbon. Below-surface carbon was 75% of the total carbon in the 

system. The amount of carbon in below-surface compartments of peat and settled solids 

was in agreement with Kayranli (2010) that soil organic carbon is where carbon 

accumulation occurs in a wetland. 

Nitrogen was present in an even larger portion of the total in the mucky peat and 

in the settled solids. The complete below-surface nitrogen was 88% of the total, 

indicating that decomposition is not complete. Nitrogen is stored in the peat and in 

decomposing settled solids.  

There was about 55% of the phosphorus contained in live plant material from 

above and below-surface samples. Settled solids were a large portion, 24%, of 

phosphorus storage. Phosphorus was not present to a large extent in the dead tissues of 

standing dead, litter, or dead roots indicating that it is quickly lost in the early stages of 

decomposition of the macrophytes. However, the settled algal solids accounted for 24% 

of the phosphorus. 

The settled algal solids were a large fraction of each nutrient profile and were one 



48 

 

of the most important sample components for nutrient concentration. Settled algal solids 

were continuously being deposited and building up layers of anoxic and therefore largely 

undecomposed sediments. The peat material also acts as storage for carbon and nitrogen, 

but to a lesser degree for phosphorus.  

(a) 

 

(b) (c) 

Figure 8: Fraction of (a) carbon; (b) nitrogen; and (c) phosphorus in (kg/ha) in each 
quadrat based on average quadrat biomass for the two macrophyte species. 
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Nutrient concentration in the sample components largely met the expected 

literature values (Table 12). Each percentage value is the average of 3 samples for each 

compartment except for the settled solids where 22 samples were averaged. 

Carbon as percentage of the biomass was in the expected range for plant material, 

between 45.6 and 48.7%. The settled solids contained far less carbon (32.5%) than any of 

the other sample compartments, perhaps reflecting the nature of the algal material that 

does not have the recalcitrant cellulose and lignin of the macrophytes. The settled solids 

carbon content was appropriate for settled solids largely composed of algae. 

Table 12: Average percent total carbon (TC), total nitrogen (TN), and phosphorus as 
phosphate (PO4-P) for samples of Typha latifolia and Scirpus acutus. 

  Typha latifolia Scirpus acutus 

Sample 

component 

Sa
m

pl
e 

siz
e 

TC
 (%

) 

TN
 (%

) 

PO
4-P

 (%
) 

TC
 (%

) 

TN
 (%

) 

PO
4-P

 (%
) 

Live 3 46 1.3 0.2 48 1.5 0.2 

Standing Dead 3 48 1.1 0.1 49 1.0 0.03 

Litter 3 48 1.9 0.1 49 1.9 0.05 

Live Roots 3 44 1.5 0.2 47 1.4 0.3 

Dead Roots 3 47 1.0 0.1 49 1.4 0.2 

Peat 3 49 3.2 0.03 49 3.2 0.03 

Settled solids 22 33 3.2 0.1 33 3.2 0.1 

Total average  45 1.3 0.2 46 1.5 0.2 
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The concentration of nitrogen in the peat and settled solids was within the range 

for macrophytes and freshwater algae rather than soils or sediments as would be expected 

due to the nature of the material that formed the two sample components. Nitrogen was 

expected to be 0.9-3.6% of the macrophyte dry mass and fell between 1.0 and 3.2% for 

both species. The greatest observed percent N occurred in the litter of both species. The 

lowest percent N for Typha latifolia was observed in the standing dead litter and dead 

root components and for Scirpus acutus was the standing dead litter component.  

Phosphorus was expected to be between 0.13 – 0.3% and was observed between 

0.03 and 0.3%. The lowest values for phosphorus were found in the Scirpus acutus 

standing dead and litter and in the peat. The greatest concentration of phosphorus occured 

in Typha latifolia and Scirpus acutus live leaf and live root as well as Scirpus acutus dead 

root.  

The low value for N and P in Typha latifolia and not Scirpus acutus dead roots 

indicates more nutrient loss from the former species. In other words, Typha latifolia 

releases more nutrients from dead root tissues than does Scirpus acutus. 

Nutrient Decomposition 

Nutrient decomposition was studied to characterize the potential for nutrient 

storage in each sample component as well as to assess nutrient changes through time. In 

addition to the litter bag decomposition samples, the live, standing dead, and litter 

biomass samples were estimated to correspond to the decomposition timeline (Table 13).   
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Table 13: Average percent total carbon (TC), total nitrogen (TN), and phosphorus as 
phosphate (PO4-P) for litter bag and biomass Typha latifolia and Scirpus acutus samples. 

TC 

(%) 

TN 

(%) 

PO4-P 

(%) Time 

(days) Typha 

latifolia 

Scirpus 

acutus 

Typha 

latifolia 

Scirpus 

acutus 

Typha 

latifolia 

Scirpus 

acutus 

-90* 45.7 47.1 1.3 1.5 0.20 0.18 

0 46.4 48.3 1.2 1.1 0.07 0.08 

58 47.1 48.3 1.4 1.2 0.09 0.07 

158 47.4 46.4 1.1 1.3 0.04 0.07 

238 47.8 49.6 0.6 0.8 0.04 0.03 

365* 47.5 n/a 1.0 n/a 0.03 n/a 

387 47.4 48.8 0.8 0.8 0.05 0.02 

487 47.8 47.1 0.8 0.8 0.03 0.05 

548* 48.1 n/a 1.9 n/a 0.05 n/a 

730* n/a 49.1 n/a 1.0 n/a 0.03 

1277* n/a 48.9 n/a 1.9 n/a 0.05 

*estimated days for live, standing dead, and litter biomass samples 

 

Live samples of both species were sampled 90 days from the installation of 

decomposition samples. Based on the estimated time to 95% decay at 2 years, Typha 

latilfolia standing dead expected age is approximately 365 days and litter is estimated to 

have aged 1.5 years or 548 days. Scirpus acutus has a much slower decay rate and the 
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literature indicates that it reaches 95% decay at 4.5 years. Standing dead for Scirpus 

acutus is expected to be approximately 2 years old or 730 days, and litter is 

approximately 3.5 years old or 1277 days. The values for live, standing dead, and litter 

are referenced in Figures 9, 10, and 11, and are presented as biomass values. The values 

measured during the litter bag decomposition study are referenced as litter bag values. 

Plotting the litter bag and biomass values along the same axis allows the comparison of 

the litter bag decomposition sample material with the material that decayed in situ, 

without being placed in litter bags. The percentage of nutrients in the biomass samples 

matched the trends of the litter bag samples (Figures 9, 10, and 11). The similar trend in 

the two types of samples indicated that the litter bag study did not appear to alter the 

concentration of nutrients relative to the biomass samples. The biomass values provide an 

estimate of nutrient concentration through a time period greater than the length of the 

study period. 

The months correspond to the time and temperature of study as follows: 0 days – 

58 days is a cooler period from late September to late February; 158 days – 238 days 

covers the warm period from May through September; and 387 days – 487 days is cool 

again, from January through May of the next year. 

Throughout the study period carbon stayed close to the high end of the literature 

values with an average of 47 - 48% of the biomass with a slight increase observed 

through time in each species (Figure 9a and 9b). In other words, the samples that decayed 

the longest had more carbon compared to the biomass than did younger decay samples. 
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Scirpus acutus showed low values of day 158 and day 487 that are not explainable except 

perhaps as an artifact of the low sample size. The slight trend showing an increase in 

carbon as a percentage of the dry weight may reflect the late stages of decomposition 

when carbon is largely attributed to more recalcitrant lignin and cellulose. 

Nitrogen as a percent of total biomass was found to be 0.6 – 1.36% of the dry 

weight, similar for both species, with fluctuations up and down, and reaching a maximum 

in the litter (Figure 10a and 10b). An increase in nitrogen concentration is likely due to 

the actions of colonizing fungi and bacteria. Warm temperatures that increase 

decomposition in summer months may explain some of the low values for nitrogen that 

occur at around 240 days or during the late summer months. 

The response of phosphorus through time was similar for the two macrophyte 

species (Figure 11a and 11b). The percentage of phosphorus declines rapidly through the 

first year and did not show much of an increase in the standing dead and litter. There was 

a greater concentration of phosphorus in the standing dead and litter of Typha latifolia. 

The decomposition results indicate an accumulation of nitrogen in the latter stages 

of decay for both macrophytes. The observation of increasing nitrogen is likely explained 

as the colonization of fungal and bacterial populations that were measured as a part of the 

decomposition sample. Qualitative observations of colonizing fungal tissue were 

observed during the cleaning of many decomposition samples. Bacterial and fungal 

colonization of decomposition samples is described by Vymazal (1995), Enriquez (1993), 

and Chimney (2006). 
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(a) 

 
(b) 

 

Figure 9: Carbon (%) in (a) Typha latifolia and (b) Scirpus acutus samples. 



55 

 

(a) 

 

(b) 

 

Figure 10: Nitrogen (%) in (a) Typha latifolia and (b) Scirpus acutus samples. 
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(a) 

 

(b) 

 

Figure 11: Phosphorus (%) in (a) Typha latifolia and (b) Scirpus acutus samples. 
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The warm period from day 158 – 238 shows lower percent values for TC, TN, 

and PO4-P that may be due to increased decomposition during warmer periods. 

Nutrient Mass by Sample Component 

Using the biomass and percent nutrient values for each sample component an 

estimate was computed for the amount of carbon, nitrogen, and phosphorous in each 

sample component and in the total system (Table 14). The composite samples for peat, 

settled solids, and totals for the quadrat are indicated once under the summary. In general, 

there is greater nutrient storage for carbon and nitrogen in the components with greater 

biomass. 

Comparing the live to dead sample components (live leaf to litter and live roots to 

dead roots) provided an indication of whether the plant demonstrates nutrient storage in 

dead tissues. The two species of macrophyte show dissimilar trends for nutrients in the 

sample components. Typha latifolia showed twice the mass of nutrients in the live leaf 

mass versus dead components for carbon and nitrogen. For phosphorus, the ratio 

increased by 5 times as much phosphorus in live as in dead plant material. This indicates 

that once the plant tissues die the nutrients tend to be exported. The trend does not hold in 

the live and dead Typha roots where a 1:1 ratio of carbon mass was observed. The 

nutrients in the Scirpus acutus leaf component were twice as abundant in the dead leaf 

component compared to the live leaf component. The roots show the opposite trend with 

3 times as much carbon, 4 times as much nitrogen, and 6 times as much phosphorus in 

the live root mass as dead root mass. Taking into account all live biomass versus dead 
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Table 14: Carbon, nitrogen, and phosphorus as mass in kilograms per hectare. 

 Typha latifolia Scirpus acutus 

 Total carbon 
(kg/ha) 

Total nitrogen 
(kg/ha) 

Phosphorus 
(kg/ha) 

Total carbon 
(kg/ha) 

Total nitrogen 
(kg/ha) 

Phosphorus 
(kg/ha) 

Live Leaves 10,837 316 48 5,215 164 19 

Litter 5,144 151 10 11,480 318 9 

Live Roots 2,965 101 15 14,159 415 77 

Dead Roots 2,229 48 3 3,672 105 12 

Total Live by species 13,802 417 63 19,374 579 96 

Total Dead by species 7,373 199 13 15,152 423 21 

Total by species 21,175 616 76 34,526 1,002 117 

SUMMARY 

 Total carbon 
(kg/ha) 

Total nitrogen 
(kg/ha) 

Phosphorus 
(kg/ha) 

Total Live 33,176 996 159 

Total Dead 22,525 622 34 

Total macrophyte 55,702 1,618 193 

Peat 48,279 3,183 31 

Settled solids 26,161 2,823 71 

Total all samples 130,142 7,624 295 
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biomass of each species, Scirpus acutus has a close to 1:1 ratio of live to dead and Typha 

latifolia has a 2:1 ratio for carbon and nitrogen biomass. The 1:1 ratio indicates a more 

stable system and a more successful species for nutrient storage. Both species have a 5:1 

ratio of phosphorus live to dead biomass, indicating a major pathway for exportation. 

Summarizing the whole system in terms of nutrients in macrophyte, peat, and 

settled solids biomass shows far more carbon and nitrogen mass accumulation in the peat 

component and phosphorus mass accumulation in the settled solids. However the settled 

solids were not subject to separation of live and dead material and this may positively 

influence the result for phosphorus. The magnitude of nutrient storage is defined by 

productivity, decomposition and storage of biomass.  

A simple model of carbon flux and storage in Treatment Marsh 2 is presented in 

Figure 12, with rates represented as arrows and storage represented as boxes. The 

constructed wetland has inputs of 38,000 kg C/ha/yr from above and below-surface 

biomass and incoming settling solids. Using the results from the decomposition study and 

the relative carbon inputs for above and below-surface and settled solids samples, the 

potential annual carbon accumulation was 21,000 kg C/yr. To achieve the current system 

storage of 120,000 kg C/ha over a period of 24 years the system would need to 

accumulate a calculated equivalent of 5,000 kg C/ha/yr. The observed rate of 

accumulation is demonstrated at four times greater than the calculated rate due to the fact 

that the annual accumulation is not a fixed amount and continues to decay through the 

years. 
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Figure 12: Carbon flux and storage in Treatment Marsh 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Above-surface 
 (kg C/ha) 

Annual leaf input 9,000 
Existing leaf litter 17,000 

Below-surface 
 (kg C/ha) 

Annual root input 12,000 
Existing dead roots 6,000 

Settled solids 
(kg C/ha) 

Annual TSS input ~40 
Existing TSS 26,000 

Settled solids TSS  
(kg C/ha/yr) 

4,800 

Root growth 
(kg C/ha/yr) 

17,000 

Leaf growth 
(kg C/ha/yr) 

16,000 

Leaf decomposition 
(kg C/ha/yr) 

7,000 

Root decomposition 
(kg C/ha/yr) 

5,000 

Settled solids 
decomposition 
(kg C/ha/yr) 

~4,700 

 
Peat 

(kg C/ha) 
48,000 

TOTAL SYSTEM STORAGE 

120,000 kg C/ha 

ANNUAL RATE OF STORAGE OVER 24 YEARS 

5,000 kg C/ha/yr 
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Assuming 11,000 kg C/ha/yr as the rate of carbon sequestered each year in this 

system, the limit for carbon emissions can be calculated to determine the point at which 

the system offsets carbon emissions. To compare the physical sequestration and the 

gaseous emissions both are converted to carbon dioxide equivalents (CO2e) (Forster et al. 

2007). The CO2e allows the comparison of different masses and gasses as they relate to 

their greenhouse warming potential. Methane has 25 times the potential as CO2. Each 

gram of carbon is equivalent to 3.67 g of CO2. The CO2 equivalent of 11,000 kg C/ha/yr 

is 40,370 kg CO2. The CH4 equivalent to this amount of carbon sequestration is 1,615 kg 

C/ha/yr. Based on the literature presented by Kayranli (2010), this value and lower 

emissions are produced by a variety of constructed and natural wetlands. 
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SUMMARY 

Land managers, such as restoration scientists or municipalities who are preparing 

to plant natural or constructed wetlands may be required to make decisions based on rates 

of accretion, and vegetative function for water quality and nutrient storage, specifically 

carbon sequestration. Given the conditions of high nutrient and solids loading from an 

oxidation pond and saturated conditions within the wetland, along with the floating root 

layer, the expected rate of accretion is 2.9 cm/yr. As a system for nutrient storage, the 

constructed wetland after 24 years of growth had 130,000 kg C/ha, 8,000 kg N/ha, and 

300 kg P/ha including live growth. The best estimate for annual carbon sequestration 

from a similar mixed macrophyte community dominated by Scirpus acutus and Typha 

latifolia is 21,000 kg C/ha/yr. 

Typha latifolia and Scirpus acutus were not found to be equivalent biomass 

producers nor nutrient storage compartments. This study described Scirpus acutus as a 

more suitable species for constructed wetlands in terms of carbon and nitrogen storage 

function. Scirpus acutus produced less above-ground biomass and stored above-ground 

litter at a greater rate. The below-ground root productivity of Scirpus acutus was three 

times greater than Typha latifolia. Using the above-ground rate of decomposition for the 

whole plant, Scirpus acutus decays 30% slower over a year than Typha latifolia and 

demonstrates a greater capacity for biomass storage. The slower decay rate of Scirpus 

acutus results in less biomass and fewer nutrients being delivered to the water column. 

Scirpus acutus demonstrated 60% more nutrient storage by mass than Typha latifolia. 



63 

 

However, Typha latifolia did demonstrate a greater concentration of phosphorus in the 

above-ground litter. Overall the more beneficial macrophyte for constructed wetlands for 

wastewater treatement is Scirpus acutus because it contributes less decomposition by-

products from the above-ground tissues and more storage of biomass and nutrients in the 

below-surface tissues. 

A constructed wetland system for wastewater treatment compared to a 

conventional high-rate wastewater treatment plant has two pathways to achieve carbon 

sequestration; carbon storage in biomass and low energy costs which results in reduced 

CO2 emissions. The City of Arcata sequesters carbon in all three similar treatment 

marshes at a rate equivalent to 80,000 kg CO2/yr. 

Additional research is needed to identify the current rates of accumulation and 

emissions to determine whether the constructed wetlands can function as a potential 

carbon offset project. As this study was performed at one point in time, a repeated study 

would determine if the peat layer is continually building or has reached equilibrium of 

productivity and decomposition. An assessment of gaseous emissions should be 

conducted to determine the emissions correlated with the unique system of floating layer 

of peat that may provide an environment that supports methane oxidation. Through 

monitoring carbon gas emissions and assuming the CO2 flux is zero, the wetland system 

would also have to show net CH4 emissions of less than 1,600 kg CH4/ha/yr. Constructed 

wetlands have shown CH4 emission values less than this limit, indicating that there is 

potential for carbon sequestration including gaseous carbon flux (Kayranli 2010). 
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APPENDIX 

    2B 3B 4B 5B 

Sample Date   9/28/09 9/29/09 9/30/09 9/30/09 

Processing Date   9/28/09 9/30/09 10/1/09 10/1/09 

Dominant Species   Scirpus acutus Typha latifolia Scirpus acutus Typha latifolia 

Latitude   40.85860 40.85849 40.85857 40.85861 

Longitude   124.08804 124.08787 124.08774 124.08763 

Percent cover % 50 60 60 60 

Live max. height m 2.63 3.05 2.9 3 

Standing dead height m 1.6 1.3 1.15 1.25 

Litter height cm 3.5 1 45 53 

Depth of peat layer cm 27 29 42 35 

Volume of Muck L 9 10.5 13.75 11 

Muck g/100ml 5.35 4.97 4.58 4.21 

Depth of sediment cm 29 27.5 28 29 

Sediment g/profile 22.18 9.545 11.365 19.855 

Typha latifolia           

# Live stems   ND 1 0 1 

# Dead stems   ND 0 0 0 

Live leaf/culm g/quadrat 0.00 80.33 3.85 251.97 

Standing dead g/quadrat 42.57 217.78 15.28 56.49 

Litter g/quadrat 0.58 25.52 5.20 27.74 

Live roots g/quadrat 10.26 75.75 25.84 84.2 

Dead roots g/quadrat 0 0 0 49.47 

Scirpus acutus           

# Live stems   9 9 10 6 

# Dead stems   10 4 9 6 

Live leaf//culm g/quadrat 89.82 0.00 95.01 0.00 

Standing dead g/quadrat 110.89 0.00 123.15 0.00 

Litter g/quadrat 6.02 0.00 37.17 0.00 

Live roots g/quadrat 57.11 0 131.11 0 

Dead roots g/quadrat 0 0 0 0 
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    7M 8M 9M 10M 

Sample Date   10/8/13 10/8/13 10/13/09 10/13/09 

Processing Date   10/9/13 10/9/13 10/17/09 10/22/09 

Dominant Species   Scirpus acutus Typha latifolia Scirpus acutus Typha latifolia 

Latitude   40.85902 40.85893 40.85893 40.85900 

Longitude   124.08801 124.08791 124.08768 124.08781 

Percent cover % 40 50 40 70 

Live max. height m 3.5 3 2.4 2.9 

Standing dead height m 0.8 1.5 1.4 1.2 

Litter height cm 25 40 3 15 

Depth of peat layer cm 40 41 45 44 

Volume of Muck L 16 14 8.25 12.2 

Muck g/100ml 4.53 4.45 5.61 4.78 

Depth of sediment cm 3 6 3 11 

Sediment g/profile 0.61 1.285 0.44 0 

Typha latifolia           

# Live stems   0 1 4 4 

# Dead stems   0 0 5 1 

Live leaf/culm g/quadrat 0.00 381.28 14.99 373.90 

Standing dead g/quadrat 24.30 18.61 67.86 0.00 

Litter g/quadrat 5.97 14.64 32.87 0.53 

Live roots g/quadrat 13 34.86 17.93 145.3 

Dead roots g/quadrat 0 26.28 21.22 123.23 

Scirpus acutus           

# Live stems   5 8 ND ND 

# Dead stems   0 0 ND ND 

Live leaf//culm g/quadrat 75.64 45.95 127.61 148.88 

Standing dead g/quadrat 201.11 126.54 57.38 196.01 

Litter g/quadrat 79.79 47.63 247.91 64.89 

Live roots g/quadrat 194.77 120.24 272.5 89.89 

Dead roots g/quadrat 29.84 54.39 49.39 0 
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    13E 14E 15E 16E 

Sample Date   10/13/09 10/13/09 10/13/09 10/13/09 

Processing Date   10/25/09 11/4/09 11/6/09 11/7/09 

Dominant Species   Typha latifolia Scirpus acutus Scirpus acutus Typha latifolia 

Latitude   40.85927 40.85928 40.85938 40.85930 

Longitude   124.08818 124.08810 124.08797 124.08787 

Percent cover % 80 70 40 70 

Live max. height m 2.8 3.4 3.1 2.8 

Standing dead height m 1.15 1.6 0.4 1.3 

Litter height cm 68 50 20 43 

Depth of peat layer cm 34 35 37 39 

Volume of Muck L 14.5 14.5 20.4 12 

Muck g/100ml 6.57 4.92 4.84 5.73 

Depth of sediment cm 8 18 16.5   

Sediment g/profile 2.415 2.405 4.89 5.62 

Typha latifolia           

# Live stems   3 3 4 4 

# Dead stems   1 2 0 1 

Live leaf/culm g/quadrat 248.34 14.37 6.48 401.65 

Standing dead g/quadrat 20.00 44.07 15.43 20.92 

Litter g/quadrat 35.14 47.57 58.66 11.34 

Live roots g/quadrat 51.09 0 22.45 77.47 

Dead roots g/quadrat 66.43 52.14 5.2 9.89 

Scirpus acutus           

# Live stems   8 1 ND 6 

# Dead stems   9 12 ND 7 

Live leaf//culm g/quadrat 0.00 79.53 83.99 84.06 

Standing dead g/quadrat 0.00 48.84 76.42 129.77 

Litter g/quadrat 9.02 43.46 40.03 110.34 

Live roots g/quadrat 0 126.82 160.7 124.37 

Dead roots g/quadrat 11.03 10.35 14.4 84.93 
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