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Constructed treatment wetlands are a relatively low-cost 
alternative used for tertiary treatment of wastewater.  Phosphorus 
(P) removal capacity of these wetlands may decline, however, as 
P is released from the accrued organic soils. Little research has 
been done on methods to restore the treatment capacity of aging 
constructed wetlands. One possibility is the seasonal addition of 
alum during periods of low productivity and nutrient removal. 
Our 3-mo mesocosm study investigated the eff ectiveness of 
alum in immobilizing P during periods of reduced treatment 
effi  ciency, as well as the eff ects on soil biogeochemistry. 
Eighteen mesocosms were established, triplicate experimental 
and control units for Typha sp., Schoenoplectus californicus, 
and submerged aquatic vegetation (SAV) (Najas guadalupensis 
dominated). Alum was slowly dripped to the water column of 
the experimental units at a rate of 0.91 g Al m−2 d−1 and water 
quality parameters were monitored. Soil cores were collected at 
experiment initiation and completion and sectioned into 0- to 
5- and 5- to 10-cm intervals for characterization.  Th e alum 
fl oc remained in the 0- to 5-cm surface soil, however, soil pH 
and microbial parameters were impacted throughout the upper 
10 cm with the lowest pH found in the Typha treatment. Plant 
type did not impact most biogeochemical parameters; however, 
data were more variable in the SAV mesocosms. Amorphous 
Al was greater in the surface soil of alum-treated mesocosms, 
inversely correlated with soil pH and microbial biomass P 
in both soil layers. Microbial activity was also suppressed in 
the surface soil of alum-treated mesocosms. Th is research 
suggests alum may signifi cantly aff ect the biogeochemistry 
of treatment wetlands and needs further investigation.
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Alum (Al
2
(SO

4
)

3
·14H

2
O) is the chemical amendment used 

most often for phosphorus (P) inactivation in lakes and 

coagulation in the wastewater treatment industry. When added to 

the water column alum dissociates, forming aluminum ions (Al3+) 

that are immediately hydrated. Th rough several rapid hydrolytic 

reactions, an insoluble gelatinous poorly crystalline aluminum 

hydroxide (Al(OH)
3
) fl oc is formed (Ebeling et al., 2003). Th e size 

of the fl oc formed is directly related to alum dose (Chakraborti et 

al., 2003) and has high P adsorption properties associated with a 

surface area greater than 600 m2 g−1 (Huang et al., 2002).

Th e controlling factor in the eff ectiveness and toxicity of alum 

is the pH of the system. Alum itself has a pH of approximately 

2.4 (Beecroft et al., 1995; Lind, 2003) and therefore tends to 

decrease the pH of the system it is added to. As long as the pH 

of the system remains between 6 and 8, insoluble polymeric 

Al(OH)
3
 will dominate (May et al., 1979) and P inactivation 

results. However, if the pH decreases to between 4 and 6, soluble 

intermediates will occur releasing bound P, and below pH 4 and 

above pH 8, soluble Al3+ dominates which may result in alumi-

num toxicity (Cooke et al., 1993; Ma et al., 2003).

Phosphorus can be mobilized from fl ooded soil/sediment under 

continuously fl ooded conditions (Malecki et al., 2004) and under 

fl uctuating water levels (Corstanje and Reddy, 2004; Bostic and 

White, 2007), underscoring the need for management alternatives 

to increase P sequestration in wetland soils. While alum has been 

used for P inactivation in eutrophic lakes since 1968 (Blomquist et 

al., 1971) there has been little research done on its potential eff ective-

ness in aging treatment wetlands with reduced P sorption capacities 

(Simon, 2003; DB Environmental, Inc., 2004; Brown, 2007). Th ere 

is also a lack of information on the impact of increased Al concentra-

tions on the biomass and activity of the microbial community, and 

therefore overall nutrient cycling of alum-treated ecosystems.

Th e rate of microbial activity and structure of the microbial com-

munity is largely dependent on environmental factors. Both size 

and activity of the microbial pool infl uences the nutrient removal 

of a wetland (White and Reddy, 1999, 2003) as well as the removal 
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of other contaminants (White et al., 

2006a). Microbes are generally sensitive 

to both soil acidity (Degens et al., 2001) 

and soluble Al (Illmer et al., 1995; Rob-

ert, 1995; Pina and Cervantes, 1996). 

Th e microbial biomass, therefore, has 

the potential of being a sensitive indica-

tor of impact to soil nutrient dynamics 

(Powlson and Jenkinson, 1981) due to 

alum application. Th is is due to the close 

relationship between microbial biomass 

nutrients and levels of mineralizable nu-

trients available in the soil (Jenkinson 

and Ladd, 1981; Illmer et al., 1995; Gut-

knecht et al., 2006).

An alum study by Connor and Mar-

tin (1989) on a shallow New Hampshire 

lake suggested that the dissolved oxygen 

(DO) concentrations within the lake 

may have been aff ected by suppression 

in activity or reduction in the population 

of microorganisms; however, neither was 

measured. A laboratory soil core study 

utilizing various Al amendments deter-

mined an inverse relationship existed 

between Al dose and microbial biomass 

and activity (Brown, 2007). Th ese studies suggest that the size 

and activity of the microbial pool, with respect to alum concen-

tration, is critical to understanding changes in P cycling within 

a treatment wetland in response to alum addition. Additionally, 

the characterization of soil P is necessary to determine shifts in 

exchangeable metal oxide and hydroxide, and organically bound 

P pools due to alum application. Alum may not only infl uence 

the P mineralization rate, but also nutrient availability to aquatic 

macrophytes by binding bioavailable P in the soil. Th e aquatic 

macrophytes selected for use in treatment wetlands can signifi -

cantly impact the P treatment effi  ciency and overall nutrient 

budget (Tanner, 1996; Reckhow and Chapra, 1999; Th iebaut 

and Muller, 2000; Allen et al., 2002). Macrophyte species com-

position can aff ect the soil biogeochemistry as well (Wigand et 

al., 1997; White et al., 2004, 2006b; Neubauer et al., 2005).

Th e overall goal of this study was to investigate the eff ects of 

a slow drip alum application on the physicochemical soil charac-

teristics, as well as the microbial biomass pool size and activity of 

treatment wetlands dominated by diff erent aquatic macrophytes. 

Our hypotheses of this study were that alum application would 

(i) decrease the soil pH, (ii) increase soil Al concentrations and 

Al-bound P, and (iii) negatively aff ect soil microbial biomass pool 

size and activity. Additionally, we hypothesized that the impacts 

of alum would vary due to the type of vegetation present.

Materials and Methods

Site Description
Th e Orlando Easterly Wetlands Reclamation Project (OEW) 

located in Orange County, Florida is one of the oldest and largest 

constructed treatment wetlands in the United States, located east 

of Orlando in Christmas, FL. Th e wetland was built in 1986, 

designed by Post, Buckley, Schuh & Jernigan, Inc. for the City of 

Orlando’s Iron Bridge Regional Water Pollution Control Facil-

ity (WPCF), which needed an alternative discharge point for its 

wastewater effl  uent (Burney et al., 1989). Th e main goal in de-

signing the system was to use macrophytes to facilitate additional 

nutrient removal for an average daily fl ow of up to 132,000 m3 

d−1 of effl  uent from the Iron Bridge WPCF before discharging 

into the St. Johns River (Black and Wise, 2003).

Th e 494-ha wetland rests on a 664-ha piece of land located 

3.2 km west of the main channel of the St. Johns River (SJR). 

Historically, the land had been part of the riparian wetland 

adjacent to the SJR, but was drained for pasture by a cattle 

ranch around the turn of the last century (Burney et al., 

1989). Th e site has a natural topographic gradient of 0.2% 

downward from west to east allowing water to fl ow by gravity 

through a series of cells with an average elevation drop across 

each cell of approximately 1 m (Martinez and Wise, 2003) 

(Fig. 1). Water exits the wetland through a weir control struc-

ture and fl ows into a receiving ditch. From there water can 

fl ow directly to the SJR or by sheet fl ow through Seminole 

Ranch, a natural marsh adjacent to the OEW owned by the 

St. Johns River Water Management District (SJRWMD).

Wetland cells 1 through 12 and 15 are deep marsh, designed 

primarily for nutrient removal, planted with either cattails (Ty-
pha spp.), giant bulrush (Schoenoplectus californicus, formerly 

Scirpus californicus), or a combination of the two. Cells 13 and 

14 consist of a mixed marsh dominated by submergent and 

emergent macrophytes including Ceratophyllum demersum, 

Fig. 1. Site map of Orlando Easterly Wetland, Christmas, Florida. Plants collected in cell 1 
(Schoenoplectus californicus), cell 10 (Typha spp.), and cell 13 (Najas guadalupensis). 
Mesocosm location designated by star.
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Limnobium spongia, Najas guadalupensis, Nuphar luteum, Nym-
phaea odorata, Pontedaria cordata, Sagittaria lancifolia, and Sag-
ittaria latifolia. Cells 16 through 18 were originally planted as a 

hardwood swamp and are currently maintained as a deepwater 

marsh dominated by cattails (Typha spp.). Th ese cells serve as 

a diverse wildlife habitat while continuing to provide nutrient 

removal (Martinez and Wise, 2003).

Th e overall average infl uent total phosphorus (TP) concen-

tration from 1988 to 2005 was 0.22 mg L−1; however, annual 

infl ow TP concentrations range from 0.02 to 3.30 mg L−1 

during the same time period. Since its inception, the OEW 

has exceeded performance expectations. Th e TP discharge 

permit limit established by the FDEP is 0.2 mg L−1 (Wang 

et al., 2006). From 1988 to 1995 the average TP discharged 

was 0.07 mg L−1 (Sees and Turner, 1997); however, TP values 

are considerably higher from December to February in recent 

years (Wang et al., 2006).

Mesocosm Establishment
Eighteen circular mesocosms with a surface area of 

1.86 m2 and depth of 0.88 m were established in June 

2004. Triplicate experimental and control units were 

planted with either Typha spp., Schoenoplectus californicus, 
or submerged aquatic vegetation (SAV) (Najas guadalupen-
sis-dominated) utilizing a randomized block design. Th ese 

three vegetation types were selected based on their domi-

nance within the OEW. Approximately 0.3 m of homog-

enized soil was added to each mesocosm. Th e soil used to 

initiate the mesocosms originated from a dredged spoil pile 

originating from cell 1, 3, 4, 7, and 8 of the OEW (Fig. 1). 

Soil used had a TP concentration of 111 ± 13.4 mg kg−1, 

570 ± 42.5 mg kg−1 oxalate-extractable Al, 19.9% ± 0.02 

moisture content, and soil pH of 5.21 ± 0.28.

Each mesocosm contained a polyvinyl chloride (PVC) 

drain which permitted control of water levels to within 

±3 cm. Th e water fl owing through the mesocosms originated 

from the outfl ow of cell 15 and was pumped to a head tank 

and distributed (on a 1 h timer) via gravity to each mesocosm 

at a rate of 360 L d−1 with a hydraulic loading rate of 9.6 cm 

d−1, providing a retention time of approximately 9.5 d, similar 

to the retention time of the SAV cells within the OEW.

On 30 June 2004, the mesocosms were planted to begin 

the 5 mo grow-in/stabilization period. Th e six SAV meso-

cosms were established with 4.05 ± 0.06 kg WW/mesocosm, 

or 2.18 kg WW m−2 Najas guadalupensis harvested onsite. 

Th e stocking density for the Typha spp. and Schoenoplectus 
californicus mesocosms was 15 plants/mesocosm, averag-

ing 1.88 kg WW m−2 Typha spp., and 1.04 kg WW m−2 

Schoenoplectus californicus both harvested onsite as well. 

Stocking densities were representative of presence in OEW 

cells (DB Environmental, Inc., 2004). A 53 cm water col-

umn was maintained in the SAV mesocosms throughout the 

entire grow-in, while in the emergent mesocosms, a 28 cm 

water column was maintained for the fi rst month to allow 

the plants to establish before raising the water column to 

53 cm for the remainder of the study.

Experiment Initiation
On 1 Dec. 2004, liquid alum was pumped via peristaltic 

pumps on timers to the designated mesocosms through black poly-

ethylene tubing at a rate of 0.91 g Al m−2 d−1 for 3 mo resulting 

in a total addition of 76.8 g Al m−2. Soil physicochemical and mi-

crobial characteristics were determined from a core collected from 

each mesocosm on initiation and completion of the study. Cores 

were sectioned into 0- to 5-cm and 5- to 10-cm intervals in the 

fi eld and placed in labeled Ziploc bags in coolers of ice for trans-

portation back to the laboratory. Samples were then transferred to 

polyethylene containers and stored at 4°C for analysis.

Laboratory Analysis
Th e following physicochemical parameters were measured 

on the sectioned soil samples: pH, bulk density (Blake and 

Hartge, 1986), mass loss on ignition (LOI), TP and total Al 

(Al
T
), oxalate-extractable Al (Al

ox
) (McKeague and Day, 1966), 

1 mol L−1 HCl-extractable metals, microbial biomass P (MBP), 

soil oxygen demand (SOD) (APHA, 1998), potentially miner-

alizable P (PMP), and inorganic P fractionation.. Th e amount 

of Al present in crystalline form was calculated as the diff erence 

between the Al
T
 and Al

ox
 (Dolui and Chakraborty, 1998). Acid-

extractable Ca, Mg, Fe, and Al concentrations were determined 

from oven-dried soil treated with 25 mL of 1.0 mol L−1 HCl 

and placed on a reciprocal shaker for 3 h. Th e supernatant was 

fi ltered through 0.45-μm membrane fi lters and analyzed by 

inductively coupled argon plasma spectrometry (Method 200.7, 

USEPA, 1993; DeBusk et al., 1994). To quantify the microbial 

biomass presence, MBP was determined by a 24 h chloroform 

fumigation-extraction (CFE) technique (Hedley and Stewart, 

1982). Th e PMP rates were determined using an anaerobic, 

waterlogged incubation at 40°C (Chua, 2000; Malecki-Brown 

and White, unpublished data, 2007). Both SOD and PMP 

rates were used as measures of microbial activity.

Total P analysis involved combustion of 0.5 g oven-dried 

subsamples at 550°C for 4 h in a muffl  e furnace followed by 

dissolution of the ash in 6 mol L−1 HCl on a hot plate (Ander-

sen, 1976). Total P was analyzed using an automated ascorbic 

acid method (Method 365.4, USEPA, 1993) while Al
T
 was 

determined by inductively coupled argon plasma spectrom-

etry (model Vista MPX CCD simultaneous ICP–OES manu-

factured by Varian, Inc., Walnut Creek, CA; Method 200.7, 

USEPA, 1993). Ash content was calculated to determine mass 

LOI, indicating the organic matter content in the wetland soil 

(Lim and Jackson, 1982).

Th e partitioning of P into fi ve geochemical fractions was per-

formed using a sequential extraction method described by Reddy et 

al. (1998). Th e fractions studied were: (i) labile P, soluble in 1 mol 

L−1 KCl; (ii) P bound to Al and Fe, soluble in 1 mol L−1 NaOH; 

(iii) alkali-extractable organic P, determined by subtracting NaOH 

SRP from the digested NaOH TP; (iv) P associated with Ca and 

Mg, soluble in 0.5 mol L−1 HCl; and (v) residual organic P, soluble 

after ignition and acid digestion. Phosphorus availability decreases 

with each sequential step providing information related to its soil 

mobility (Luderitz and Gerlach, 2002).
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Statistical Analysis
Paired t tests were used to determine signifi cant diff erences (p 

< 0.05) between soil properties in the 0- to 5-cm and 5- to 10-

cm sectioned intervals (Microsoft, 2000). Additionally, Pearson 

product-moment correlation coeffi  cients between parameters were 

calculated (Microsoft, 2000) to determine signifi cant relationships. 

Data normality was determined using the Kolmogorov-Smirnov 

test (Minitab 13.32, 2000) and data was transformed to fi t a nor-

mal distribution (Microsoft, 2000). One-way ANOVAs and mul-

tiple comparisons by Tukey’s W were used on soil parameters to 

determine signifi cant (p < 0.05) eff ects corresponding to plant type 

and treatment (Minitab version 13.32; Minitab, 2000).

Results and Discussion

Soil Physicochemical Characteristics
Th ere were no signifi cant diff erences in bulk density nor 

organic matter content based on plant type or treatment at 

the initiation of the study. Th e bulk density was lower in the 

surface 0- to 5-cm layer (Table 1) than in the subsurface 5 to 

10 cm (Table 2) while the opposite was true of the organic 

matter content as indicated by LOI. Detrital deposition and 

decomposition at the soil surface resulted in the higher LOI. 

Th e increased organic matter in the surface layer allows the 

soil to remain porous, thereby decreasing the bulk density 

(Brady and Weil, 1999). Overall, the organic matter content 

remained constant over the course of the experiment which 

may be attributed to slower plant growth and less detrital de-

position during the winter months.

Similar to the organic matter, TP concentrations were 

generally greater in the surface layer (Table 1) than subsur-

face layer (Table 2). Nutrient content typically increases with 

an increase in organic matter (Farnham and Finney, 1965). 

Total soil Al on the other hand was generally greater in the 

subsurface layer at the start of the experiment; however, by 

the conclusion of the experiment Al
T
 tended to be greater in 

the surface layer. Th ere were no signifi cant diff erences in the 

TP or Al
T
 concentrations between mesocosm plant type in 

either layer throughout the experiment. Furthermore, soil TP 

remained unaff ected by alum application while Al
T
 concentra-

tions signifi cantly increased in the surface layer of alum-treat-

ed mesocosms by the end of the study, as would be expected 

due to the presence of the Al(OH)
3
 fl oc.

Th e ammonium oxalate extraction was used to quantify the 

poorly crystalline amorphous and organically bound Al oxides, 

hydroxides, and oxy-hydroxides in the soil (McKeague and 

Day, 1966; McKeague et al., 1971; Kodama and Ross, 1991), 

excluding all crystalline forms (Parfi tt and Childs, 1988). At 

experiment initiation, there was no signifi cant diff erence in Al
ox

 

concentrations due to plant type or between the surface (Table 

1) and subsurface (Table 2), averaging 595 ± 167 mg kg−1 over-

all. By the end of the experiment amorphous Al concentrations 

were signifi cantly higher than at time 0, and by depth there was 

nearly twice as much Al in the 0- to 5- (1032 ± 634 mg kg−1) 

than 5- to10-cm layer (593 ± 200 mg kg−1) for all mesocosms. 

Th is was expected in the mesocosms receiving alum due to the 

surface application of Al, but it was also true of the control me-

socosms due to the natural Al associated with organic matter.

Table 1. Mean soil physicochemical characterization data for the 0- to 5-cm depth of Orlando Easterly Wetland mesocosms. Values are means ± 1 
standard deviation (n = 3).

 Time 0 d  Time 84 d

 Treatment Parameter Units SAV† Schoenoplectus Typha SAV Schoenoplectus Typha

Alum Bulk density g cm−3 0.89 ± 0.16 0.89 ± 0.15 0.89 ± 0.09 0.94 ± 0.26 0.91 ± 0.31 0.83 ± 0.07

pH pH units 6.0 ± 0.4 5.7 ± 0.8 6.2 ± 0.1 5.6 ± 1.1 5.6 ± 0.6 3.8 ± 0.6

LOI‡ % 8.24 ± 0.77 12.0 ± 3.45 10.6 ± 3.20 5.77 ± 2.34 4.56 ± 1.73 9.20 ± 3.94

Total P† mg kg−1 196 ± 155 241 ± 133 175 ± 9.44 161 ± 42.9 173 ± 79.1 201 ± 44.0

Total Al mg kg−1 1871 ± 731.8 2356 ± 879.0 2839 ± 370.8 3544 ± 2290 1989 ± 247.3 4214 ± 1126

Oxalate Al mg kg−1 418 ± 16.6 610 ± 252 688 ± 126 1148 ± 477 916 ± 355 2157 ± 546

Crystal Al mg kg−1 1348 ± 787.2 1746 ± 702.4 2105 ± 433.0 2396 ± 2390 1074 ± 121.0 2057 ± 588.2

HCl Ca mg kg−1 1468 ± 328.6 4156 ± 2500 3220 ± 871.6 3383 ± 766.1 8395 ± 6379 10620 ± 6486

HCl Mg mg kg−1 26.0 ± 13.6 46.1 ± 19.8 57.5 ± 36.6 64.9 ± 54.6 69.5 ± 12.7 104 ± 55.7

HCl Fe mg kg−1 587 ± 314 791 ± 112 793 ± 218 706 ± 430 972 ± 402 826 ± 244

HCl Al mg kg−1 431 ± 114 588 ± 32.3 528 ± 102 566 ± 335 672 ± 127 531 ± 154

Control Bulk density g cm−3 0.92 ± 0.08 0.94 ± 0.19 0.94 ± 0.11 0.98 ± 0.1 0.81 ± 0.31 0.99 ± 0.03

pH pH units 6.06 ± 0.42 6.01 ± 0.51 6.07 ± 0.30 5.79 ± 0.05 5.72 ± 0.28 5.87 ± 0.36

LOI % 9.71 ± 3.55 9.26 ± 1.81 12.0 ± 4.81 4.17 ± 2.19 7.01 ± 3.08 4.14 ± 1.42

Total P mg kg−1 118 ± 25.1 128 ± 28.5 220 ± 91.6 155 ± 31.3 235 ± 77.8 146 ± 39.6

Total Al mg kg−1 2058 ± 539.3 1579 ± 494.9 2299 ± 500.2 1823 ± 498.7 2455 ± 1986 2210 ± 884.8

Oxalate Al mg kg−1 580 ± 156 536 ± 162 588 ± 127 611 ± 62.9 612 ± 360 751 ± 207

Crystal Al mg kg−1 1484 ± 369.5 1114 ± 347.2 1664 ± 334.0 1212 ± 482.2 1844 ± 1636 1498 ± 609.9

HCl Ca mg kg−1 3967 ± 3309 6335 ± 3419 3092 ± 1202 2432 ± 788.7 4205 ± 4179 1778 ± 332.1

HCl Mg mg kg−1 36.5 ± 17.2 133 ± 149 38.7 ± 41.5 68.6 ± 82.2 63.8 ± 58.3 10.6 ± 16.0

HCl Fe mg kg−1 934 ± 86.1 561 ± 320 843 ± 191 891 ± 324 676 ± 82.9 718 ± 301

HCl Al mg kg−1 559 ± 78.5 394 ± 116 564 ± 86.5 1158 ± 830 612 ± 688 1002 ± 438

† SAV = submerged aquatic vegetation.

‡ LOI = loss on ignition.
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Th ere were no diff erences in Al
ox

 due to plant type on study 

completion. Similar to the Al
T
, however, the alum-treated me-

socosms did have signifi cantly higher Al
ox

 concentrations in the 

surface layer, containing more than double the amorphous Al as 

the controls. Specifi cally, the alum-treated Typha tanks had sig-

nifi cantly higher surface Al
ox

 concentrations than the controls 

of all three plant types. Th ere were also no signifi cant diff erenc-

es in Al
ox

 in the 5- to 10-cm layer similar to the Al
T
, indicating 

the Al(OH)
3
 fl oc remained at the soil surface.

Th ere was no initial diff erence in crystalline Al with depth; 

however, by the end of the study there was generally more in 

the surface layer than subsurface (Table 1, Table 2). Crystal-

line Al concentrations within the soil did not vary with plant 

type or treatment in either layer throughout the experiment, 

averaging 1483 ± 813 mg Al kg−1 overall. Using the change in 

ratio of Al
ox

/Al
T
 over time, however, the crystallization of soil 

Al was detected in the surface layer of the control mesocosms 

as indicated by a signifi cant decrease in the Al
ox

/Al
T
 ratio (Ma-

haney et al., 1991; Bera et al., 2005). Th is suggests that the Al 

hydroxide fl oc at the surface of the alum-treated mesocosms 

may hinder natural soil development due to an increased 

amount of ligand-bound amorphous material which inhibits 

mineralogical crystallization (Huang et al., 2002).

Similar to Al
ox
, soil pH did not diff er between surface and 

subsurface layers (Table 1, Table 2), nor between mesocosms at 

study initiation. By the end of the experiment, however, there was 

a signifi cant diff erence in soil pH due to plant and treatment type. 

Corresponding to the high Al
ox
 in the surface soil of the alum-treat-

ed Typha tanks, pH was signifi cantly lower than in the control me-

socosms. Unlike the trend in Al
ox
, however, the subsurface soil pH 

of the alum-treated Typha tanks was also signifi cantly lower than 

the controls. Th is suggests that while the fl oc itself may have not 

penetrated down through the soil profi le, the protons (H+) released 

as the Al(OH)
3
 fl oc dissolved under low pH conditions (3.3–4.5) 

may have equilibrated with the subsurface, reducing pH in the 5 to 

10 cm soil layer as well (Huang et al., 2002). Th e pH was inversely 

correlated to the Al
ox
 in both the surface (p < 0.01) and subsurface 

(p < 0.05) of the Typha mesocosms while this relationship was not 

evident in the Schoenoplectus or SAV mesocosms.

Surface and subsurface soil pH of the alum-treated SAV me-

socosms remained unimpacted by the increased Al
ox
. Th e thick 

stands of SAV may have intercepted the settling alum fl oc resulting 

in irregular alum coverage on the soil surface. While this may have 

reduced impacts on the soil biogeochemistry, it could also in turn 

lead to reduced alum eff ectiveness (Welch and Schrieve, 1994; 

Welch and Cooke, 1999). In the Schoenoplectus tanks the surface 

soil pH also remained relatively constant, similar to the SAV, but 

subsurface pH within both the control and alum-treated meso-

cosms signifi cantly increased by study end. Convergence of soil pH 

to neutral is a typical response associated with soils when they are 

fl ooded (Ponnamperuma, 1972; Anderson et al., 2005).

Generally all HCl-extractable metals were higher in the 

surface than subsurface, similar to TP and LOI, and there were 

no diff erences due to plant type throughout the study (Table 1, 

Table 2). Calcium was the dominant HCl-extractable metal at 

time 0 in both the soil surface and subsurface for all plant types 

making up 72% of the metals extracted on average, which was 

signifi cantly higher than the Al, Fe, and Mg extracted. Th ere was 

Table 2. Mean soil physicochemical characterization data for the 5- to 10-cm depth of Orlando Easterly Wetland mesocosms. Values are means ± 
1 standard deviation (n = 3).

 Time 0 d  Time 84 d

 Treatment Parameter Units SAV† Schoenoplectus Typha SAV Schoenoplectus Typha

Alum Bulk density g cm−3 1.06 ± 0.07 1.01 ± 0.13 1.04 ± 0.04 1.08 ± 0.08 1.02 ± 0.17 1.07 ± 0.30

pH pH units 6.1 ± 0.6 5.7 ± 0.7 5.9 ± 0.2 6.9 ± 0.3 7.1 ± 0.1 5.2 ± 1.0

LOI‡ % 11.5 ± 6.24 10.5 ± 1.54 7.17 ± 3.49 5.72 ± 4.36 3.91 ± 1.18 4.51 ± 3.47

Total P mg kg−1 227 ± 134 190 ± 21.8 123 ± 16.4 129 ± 65.6 161 ± 23.9 112 ± 38.1

Total Al mg kg−1 2001 ± 1235 2555 ± 266 2071 ± 626 1506 ± 285.4 1673 ± 668.1 1705 ± 516.6

Oxalate Al mg kg−1 672 ± 90.2 747 ± 96.4 567 ± 252 635 ± 107 567 ± 202 690 ± 243

Crystal Al mg kg−1 1532 ± 1144 1808 ± 175.3 1384 ± 584.7 871.0 ± 194.5 1107 ± 491.9 949.6 ± 315.4

HCl Ca mg kg−1 1467 ± 318.6 2724 ± 164.9 2434 ± 245.4 1710 ± 462.1 2192 ± 1739 2210 ± 603.3

HCl Mg mg kg−1 23.1 ± 7.78 65.9 ± 43.2 47.2 ± 20.8 53.8 ± 30.5 31.4 ± 46.0 41.7 ± 29.2

HCl Fe mg kg−1 444 ± 179 864 ± 332 899 ± 166 546 ± 269 641 ± 392 761 ± 261

HCl Al mg kg−1 345 ± 73.2 519 ± 153 607 ± 35.7 380 ± 143 1173 ± 1102 574 ± 118

Control Bulk density g cm−3 1.09 ± 0.04 1.06 ± 0.05 1.16 ± 0.05 0.97 ± 0.27 1.21 ± 0.21 1.19 ± 0.20

pH pH units 6.10 ± 0.28 5.75 ± 0.30 6.12 ± 0.47 6.76 ± 0.16 6.76 ± 0.46 6.39 ± 0.59

LOI % 8.18 ± 3.46 9.12 ± 0.88 11.0 ± 3.19 6.64 ± 2.30 6.48 ± 2.45 2.68 ± 1.77

Total P mg kg−1 124 ± 26.1 100 ± 15.3 231 ± 135 194 ± 162 209 ± 110 114 ± 39.9

Total Al mg kg−1 1699 ± 766.5 1556 ± 587.8 2382 ± 291.9 2699 ± 2165 1706 ± 421.7 1568 ± 109.4

Oxalate Al mg kg−1 631 ± 241 527 ± 181 588 ± 269 613 ± 279 501 ± 174 576 ± 177

Crystal Al mg kg−1 1172 ± 585.4 1079 ± 467.9 1827 ± 49.52 2086 ± 1886 2126 ± 1414 1021 ± 155.5

HCl Ca mg kg−1 3221 ± 1357 3998 ± 2772 4569 ± 2196 3051 ± 2931 6305 ± 5199 10193 ± 7784

HCl Mg mg kg−1 72.1 ± 54.4 58.9 ± 65.1 38.0 ± 12.8 43.2 ± 44.6 41.7 ± 25.7 71.4 ± 59.7

HCl Fe mg kg−1 869 ± 344 764 ± 457 742 ± 196 923 ± 345 655 ± 404 774 ± 130

HCl Al mg kg−1 581 ± 208 566 ± 328 520 ± 105 873 ± 531 472 ± 153 744 ± 297

† SAV = submerged aquatic vegetation.

‡ LOI = loss on ignition.
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signifi cantly more Fe (17%) and Al (10%) than Mg (1%) present 

in the mesocosms as well. By the completion of the study there 

was signifi cantly more Ca in the surface layer of the alum-treated 

mesocosms while in the subsurface layer Ca was signifi cantly 

lower than in the controls. Th is increased Ca may be associated 

with a temporary gypsum formation at the fl oc/soil interface as 

the excess dissociated sulfate ions from alum addition bind with 

available Ca in the soil (L.M. Malecki and W. Harris, unpub-

lished data, 2003). Calcium remained the dominant acid-extract-

able metal composing 73% of the metals extracted compared to 

15% Fe, 11% Al, and 1% Mg and can also provide signifi cant 

buff ering to minimize pH eff ects from alum additions.

Soil Microbial Characteristics
Th ere were no signifi cant diff erences in MBP with depth or 

between macrophyte type initially (Table 3, Table 4). By the end of 

the study there was a signifi cant decrease in microbial biomass in 

all mesocosms which was attributed to the cold winter season dur-

ing which the experiment was performed. However, the emergent 

Schoenoplectus and Typha mesocosms treated with alum had sig-

nifi cantly lower MBP than the controls in both the surface (66% 

lower) and subsurface (50% lower) soil layers. Th ese results are 

similar to the pH fi ndings within the Typha mesocosms, indicating 

once again that while the fl oc itself remained at the surface, the im-

pact of alum application penetrated down through the soil profi le. 

Additionally, similar to soil pH, MBP in the emergent tanks was 

inversely related to the Al
ox
 present in both soil layers (p < 0.05) 

while this relationship did not exist in the SAV mesocosms.

Th ere was no signifi cant diff erence between treatments in the 

SAV mesocosms which may again suggest irregular coverage of 

alum at the soil surface due to the dense vegetation (Welch and 

Schrieve, 1994; Welch and Cooke, 1999). Th ere were also no 

signifi cant diff erences with depth; however, there was a clear trend 

of MBP being greater in the 0- to 5-cm layer of the controls while 

in the alum-treated mesocosms the 5- to 10-cm layer had a greater 

MBP. Th is suggests the microbes either migrated downward in 

an attempt to avoid the eff ects of alum such as the low pH and 

high Al (Table 1) (Koepple et al., 1997; Zhou et al., 2002), which 

would explain the increased MBP in the subsurface of the alum-

treated mesocosms as compared to the surface soil, or alum re-

duced the microbial population present in the surface soil.

Microbial activity, as indicated by SOD rates, was signifi -

cantly greater in the surface than subsurface layer of the SAV 

and Typha mesocosms throughout the study, while there were no 

diff erences in PMP rates with depth due to high data variability 

(Table 3, Table 4). After 3 mo of alum application, however, 

there was a signifi cant treatment eff ect. Both parameters indicat-

ed signifi cantly greater microbial activity in the 0- to 5-cm layer 

of the emergent planted control mesocosms than in those treated 

with alum. Th is suppression in activity corresponds to the signifi -

cant decrease in microbial biomass within the Schoenoplectus and 

Typha mesocosms due to alum application.

Th ere were no signifi cant diff erences in SOD microbial ac-

tivity due to treatment or plant type in the subsurface layer. Th e 

alum-treated Typha mesocosms continued to have signifi cantly 

lower PMP rates than controls in the subsurface; however, 

they were most likely attributed to the continued low soil pH 

discussed previously. Th e surface soil PMP rates were positively 

correlated (p < 0.05) with soil pH, similar to the MBP concen-

trations. Th is suggests once again that alum indirectly impacted 

both the microbial biomass and activity due to the sensitivity of 

microbes to the increased soil acidity (Degens et al., 2001).

Soil Phosphorus Forms
Th e characterization of soil P was examined to assess how 

alum application may change soil P availability in treatment 

Table 3. Mean soil microbial characterization data for the 0- to 5-cm depth in Orlando Easterly Wetland mesocosms. Values are means ± 1 
standard deviation (n = 3).

 Time 0 d Time 84 d

Treatment Plant MBP† PMP† SOD† MBP PMP SOD

mg kg−1 mg kg−1 d−1 mg kg−1 h−1 mg kg−1 mg kg−1 d−1 mg kg−1 h−1

Alum SAV† 25.7 ± 15.0 0.60 ± 0.29 6.33 ± 1.03 1.62 ± 0.93 1.67 ± 1.41 7.36 ± 1.64

Schoenoplectus 30.8 ± 12.3 0.62 ± 0.35 3.43 ± 2.03 1.51 ± 1.05 0.32 ± 0.19 5.25 ± 2.13

Typha 25.2 ± 3.10 0.72 ± 0.08 10.1 ± 4.45 0.38 ± 0.44 0.60 ± 0.21 6.21 ± 0.69

Control SAV 24.6 ± 4.91 0.52 ± 0.32 5.15 ± 1.79 1.99 ± 0.87 1.18 ± 0.21 10.8 ± 2.84

Schoenoplectus 37.1 ± 8.58 0.93 ± 0.53 6.71 ± 2.71 5.73 ± 1.15 1.46 ± 0.10 8.95 ± 1.68

Typha 32.9 ± 9.95 0.64 ± 0.08 5.16 ± 3.72 2.86 ± 1.53 1.88 ± 1.30 7.51 ± 4.39

† MBP = microbial biomass P; PMP = potentially mineralizable phosphorus; SOD = sediment oxygen demand; SAV = submerged aquatic vegetation.

Table 4. Mean soil microbial characterization data for the 5- to 10-cm depth of Orlando Easterly Wetland mesocosms. Values are means ± 1 
standard deviation (n = 3).

 Time 0 d Time 84 d

Treatment Plant MBP† PMP† SOD† MBP PMP SOD

mg kg−1 mg kg−1 d−1 mg kg−1h−1 mg kg−1 mg kg−1 d−1 mg kg−1h−1

Alum SAV† 50.7 ± 37.5 0.85 ± 0.34 3.66 ± 0.90 2.28 ± 1.64 2.46 ± 3.35 5.26 ± 1.15

Schoenoplectus 33.5 ± 8.70 0.38 ± 0.17 3.41 ± 0.81 2.20 ± 0.20 1.65 ± 2.36 3.70 ± 1.36

Typha 20.2 ± 1.77 1.98 ± 1.52 3.66 ± 1.06 0.89 ± 0.85 0.61 ± 0.02 4.42 ± 1.22

Control SAV 34.4 ± 14.3 0.46 ± 0.27 2.80 ± 0.95 2.93 ± 2.07 1.09 ± 0.68 5.13 ± 1.74

Schoenoplectus 20.8 ± 6.69 1.13 ± 1.02 3.91 ± 1.15 5.45 ± 3.33 0.96 ± 0.92 3.79 ± 2.42

Typha 35.8 ± 13.3 0.72 ± 0.43 3.50 ± 1.82 2.48 ± 0.43 1.61 ± 0.55 4.52 ± 1.42

† MBP = microbial biomass P; PMP = potentially mineralizable phosphorus; SOD = sediment oxygen demand; SAV = submerged aquatic vegetation.



1910 Journal of Environmental Quality • Volume 36 • November–December 2007

wetlands. Identifying the dominant P fractions present can 

be conducive to further understanding of P cycling within 

the OEW during winter periods of low treatment effi  ciency. 

Organic and inorganic P were essentially equivalent in all me-

socosms averaging 45% inorganic P (P
i
) (Table 5) and 55% 

organic P (P
o
) (Table 6) in the 0- to 5-cm layer at the start of 

the study. By the completion of the study there was a signifi cant 

increase in the total P pool, with organic P (67%) dominating 

the inorganic P (33%) in the surface soil; however, there were 

no signifi cant diff erences with treatment or plant type. Gener-

ally all P fractions were greater in the surface layer than in the 

subsurface (Table 7, Table 8), similar to the TP values previ-

ously discussed. Th e overall decrease in P storage capacity with 

depth may be attributed to the decrease in metal concentrations 

(Al, Ca, Fe, Mg) with depth (Table 1, Table 2).

In the surface layer, the KCl-extractable P, consisting of 

labile, readily bioavailable P, made up the smallest portion (0.2–

0.4%) of the total P pool (Fig. 2). Th e concentration of this 

highly mobile KCl P
i
 signifi cantly decreased during the study in 

both the alum and control mesocosms, suggesting no discern-

able eff ect of alum on the bioavailability of P to the microbial 

pool or plant communities (Table 7). Th e NaOH-extractable 

reactive Al and Fe-bound P comprised 17 to 25% of the total 

P in the mesocosms initially. Due to alum application this per-

centage increased up to 21 to 35% in the treated mesocosms 

while in the controls fractions remained similar to the initial 

values. Th e HCl-extractable Ca and Mg bound P made up 

12 to 38% of the total P pool initially and remained relatively 

stable averaging 3 to 32% by study end. Th ere was very little 

HCl-extractable Mg in the soil (Table 1), indicating most of the 

P in the HCl P
i
 fraction was associated with Ca from the well 

buff ered wetland soil, rather than Mg. Additionally, because 

this Ca-bound P fraction did not increase with time it suggests 

that although the water column pH was relatively high and Ca 

concentrations increased over time, photosynthetically driven 

Ca-P precipitation (Dierberg et al., 2002) did not occur.

Th e NaOH-extractable organic P fraction consisted of non-

reactive P associated with humic and fulvic acids, as well as bacteria 

incorporated P (calculated as NaOH TP − NaOH P
i
). Th e NaOH 

P
o
 accounted for 17 to 27% of the total P in the surface layer of 

all mesocosms at the start of the experiment (Table 6). Alum ap-

plication resulted in an increase in this percentage to 22 to 36% in 

the treated mesocosms (Fig. 2), nearly equivalent to the amount 

of Al and Fe-bound NaOH P
i
 present. In the control mesocosms, 

NaOH P
o
 remained similar to the initial values. Th e residue P

o
 

representing the refractory organic P and any other inert mineral P 

fractions not extracted with salt, acid, or base composed 26 to 35% 

of the total P, remaining relatively constant throughout the study.

Th e initial subsurface 5 to 10 cm soil had nearly equal 

amounts of organic and inorganic P similar to the surface layer 

averaging 52% P
o
 (Table 7) and 48% P

i
 (Table 8), while it was 

dominated by organic P by the end of the study averaging 64% 

P
o
 versus 36% P

i
. Labile P once again represented 0.1 to 0.4% 

of the total P, identical to the surface soil (Fig. 2). Th e Al- and 

Fe-bound P made up 11 to 28% of the subsurface P pool 

initially, and only increased slightly in the alum-treated meso-

cosms (15 to 29%). Th is indicates once again that the alum fl oc 

remained primarily at the surface of the soil where substantial 

shifts in the NaOH P
i
 and P

o
 pools were evident. Th e dominant 

inorganic P form in the subsurface layer of most mesocosms 

was the Ca- and Mg-bound P which ranged from 9 to 50% 

of the total P pool which, similar to the surface soil, can be 

Table 5. Mean inorganic phosphorus fractionation data from the 0- to 5-cm layer of Orlando Easterly Wetland mesocosms. Values are means ± 1 
standard deviation (n = 3).

 Time 0 d  Time 84 d

 Treatment Fraction SAV† Schoenoplectus Typha SAV Schoenoplectus Typha

mg kg−1

Alum KCl P
i

0.43 ± 0.07 0.41 ± 0.07 0.38 ± 0.04 0.23 ± 0.11 0.16 ± 0.08 0.26 ± 0.16

NaOH P
i

27.3 ± 6.39 28.4 ± 12.6 41.8 ± 7.03 32.8 ± 5.30 35.4 ± 2.25 66.7 ± 6.56

HCl P
i

31.6 ± 39.1 64.1 ± 60.9 21.6 ± 1.85 29.4 ± 33.9 53.2 ± 55.1 6.42 ± 2.50

TP
i

59.3 ± 43.6 92.9 ± 49.7 63.8 ± 6.81 62.4 ± 30.0 88.8 ± 57.1 73.4 ± 7.95

Control KCl P
i

0.42 ± 0.09 0.49 ± 0.13 0.45 ± 0.13 0.26 ± 0.20 0.31 ± 0.20 0.20 ± 0.03

NaOH P
i

27.9 ± 6.96 29.3 ± 11.0 25.0 ± 7.39 31.5 ± 9.90 45.8 ± 27.3 41.3 ± 16.5

HCl P
i

26.0 ± 10.8 33.2 ± 25.2 38.5 ± 26.4 53.2 ± 56.0 71.4 ± 82.8 21.2 ± 0.97

TP
i

54.3 ± 5.05 63.0 ± 17.9 64.0 ± 23.6 85.0 ± 47.7 117 ± 62.9 62.7 ± 16.0

† SAV = submerged aquatic vegetation.

Table 6. Mean organic phosphorus derived from inorganic phosphorus fractionation data from the 0- to 5-cm layer of Orlando Easterly Wetland 
mesocosms. Values are means ± 1 standard deviation (n = 3).

 Time 0 d  Time 84 d

 Treatment Fraction SAV† Schoenoplectus Typha SAV Schoenoplectus Typha

mg kg−1

Alum NaOH P
o

33.5 ± 5.24 29.6 ± 12.3 44.7 ± 7.73 37.5 ± 8.37 37.9 ± 3.03 69.3 ± 5.12

Residue P
o

34.1 ± 20.4 48.0 ± 14.3 59.5 ± 4.02 53.7 ± 19.8 44.0 ± 14.5 48.9 ± 4.61

TP
o

67.6 ± 23.2 77.6 ± 26.5 104 ± 11.5 91.2 ± 11.5 82.0 ± 16.9 118 ± 6.58

Control NaOH P
o

32.7 ± 8.23 35.1 ± 12.3 36.6 ± 11.4 34.9 ± 10.3 49.4 ± 28.6 45.2 ± 15.4

Residue P
o

45.8 ± 12.5 39.9 ± 4.74 46.4 ± 9.06 47.8 ± 8.21 66.4 ± 38.9 50.1 ± 18.7

TP
o

78.5 ± 20.7 75.0 ± 16.9 83.0 ± 20.5 82.7 ± 17.7 116 ± 66.6 95.3 ± 33.9

† SAV = submerged aquatic vegetation.
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primarily attributed to the signifi cantly high Ca concentration 

(Table 2). Th e organic acid and bacterial P fraction made up 15 

to 32% of the total P throughout the study in the subsurface, 

while the recalcitrant P
o
 composed 22 to 36% of the total P.

Conclusions
Th e use of alum is commonplace in many areas of the 

United States to manage eutrophic water bodies. However, 

little research has looked at the role of alum on P sequestra-

tion in treatment wetlands. Our fi ndings suggest a closer look 

is warranted to determine eff ects on the biogeochemistry of 

the soil or sediment treated with alum. Soils in ecosystems 

dominated by SAV appear to be impacted less by alum appli-

cation than soils associated with emergent-dominated macro-

phytes. Furthermore, the addition of alum seemed to hinder 

Al crystallization processes within the surface soil, leading 

to reduced soil development in the alum-treated mesocosms 

when compared to the controls.

Th e increase in amorphous Al
ox

 within the soil surface layer of 

alum-treated Typha mesocosms was directly associated with a de-

crease in soil pH throughout the upper 10 cm. Th e increased Al
ox

 

concentration within the Schoenoplectus as well as reduced pH 

within Typha mesocosms, were correlated to decreased microbial 

biomass as well as activity. Th e use of alum may, therefore, impair 

P mineralization and overall cycling within emergent systems in 

the short term. In contrast, the pH and microbial community 

within soil of the SAV mesocosms was unimpacted; however, 

further research is needed to determine if the dense vegeta-

tion intercepted the settling alum fl oc, possibly impacting SAV 

growth or nutrient uptake rather than aff ecting the soil. Depend-

ing on soil properties, some systems may require a buff er agent 

to minimize the drop in pH due to alum additions, which adds 

cost and complexity to potential management implementation. 

Th e pH drop appears to be short lived in the water column of 

many lakes as well as in our wetland study (Malecki-Brown and 

White, unpublished data, 2007). However, few studies have ever 

documented the eff ect of the alum addition to the sediment/soil 

pH. Additionally, the specifi c mechanism on the negative im-

pacts of low-dose alum application on the microbial community 

needs to be determined, whether from pH, associated aluminum 

toxicity, or decreased availability of bioavailable P in the soil. If 

the decrease in microbial activity is related to pH or related Al 

toxicity, then a pH buff er should neutralize this eff ect. It is criti-

cal that treatment wetland managers assess the short and possibly 

long-term implications when using alum in constructed wetland 

systems to maximize system performance.
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Table 7. Mean inorganic phosphorus fractionation data from the 5- to 10-cm layer of Orlando Easterly Wetland mesocosms. Values are means ± 1 
standard deviation (n = 3).

 Time 0 d  Time 84 d

 Treatment Parameter SAV† Schoenoplectus Typha SAV Schoenoplectus Typha

mg kg−1

Alum KCl P
i

0.40 ± 0.06 0.39 ± 0.10 0.31 ± 0.10 0.21 ± 0.03 0.22 ± 0.10 0.20 ± 0.05

NaOH P
i

20.0 ± 5.87 33.6 ± 8.57 33.8 ± 6.87 23.1 ± 2.36 26.6 ± 4.18 36.1 ± 12.7

HCl P
i

86.4 ± 72.2 24.0 ± 19.5 11.1 ± 3.68 66.0 ± 81.5 61.1 ± 26.0 11.5 ± 0.38

TP
i

107 ± 73.3 58.0 ± 12.5 45.1 ± 6.67 89.2 ± 81.5 87.9 ± 21.9 47.8 ± 12.4

Control KCl P
i

0.43 ± 0.14 0.38 ± 0.10 0.41 ± 0.16 0.20 ± 0.09 0.18 ± 0.07 0.19 ± 0.07

NaOH P
i

25.9 ± 6.72 32.0 ± 7.13 24.2 ± 8.81 36.9 ± 21.0 30.7 ± 17.9 30.7 ± 12.2

HCl P
i

25.0 ± 18.6 16.0 ± 9.61 90.3 ± 97.0 20.0 ± 1.49 93.8 ± 138 19.5 ± 13.6

TP
i

51.3 ± 12.1 48.4 ± 3.04 115 ± 88.3 57.2 ± 20.6 125 ± 120 50.4 ± 16.2

† SAV = submerged aquatic vegetation.

Table 8. Mean organic phosphorus derived from inorganic phosphorus fractionation data from the 5- to 10-cm layer of Orlando Easterly Wetland 
mesocosms. Values are means ± 1 standard deviation (n = 3).

 Time 0 d  Time 84 d

 Treatment Fraction SAV† Schoenoplectus Typha SAV Schoenoplectus Typha

mg kg−1

Alum NaOH P
o

26.3 ± 8.21 37.9 ± 7.38 37.9 ± 5.49 27.4 ± 4.33 28.4 ± 4.65 38.9 ± 14.1

Residue P
o

42.4 ± 20.4 48.0 ± 2.85 35.9 ± 7.31 37.0 ± 8.52 41.9 ± 9.37 36.3 ± 7.27

TP
o

68.7 ± 24.0 85.8 ± 4.88 73.8 ± 12.7 64.4 ± 10.7 70.3 ± 14.0 75.1 ± 20.2

Control NaOH P
o

29.6 ± 7.39 35.6 ± 5.76 26.1 ± 9.39 42.1 ± 22.8 32.0 ± 17.7 32.9 ± 10.3

Residue P
o

39.8 ± 12.1 37.4 ± 4.16 41.5 ± 17.2 56.2 ± 30.4 43.8 ± 10.8 38.8 ± 0.91

TP
o

69.4 ± 16.4 72.9 ± 6.90 67.6 ± 25.3 98.3 ± 51.9 75.8 ± 26.7 71.8 ± 9.44

† SAV = submerged aquatic vegetation.
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