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• Carbon sequestration is becoming a
valuable ecosystem service.

• Stormwater ponds: intersection of bio-
sphere, lithosphere, and hydrosphere.

• Soil C accumulation in 4 climates:
U.S., North Sweden, South Sweden,
and Singapore.

• Increased rainfall and growing season
length outweighed decomposition
rates.

• Establishment of vegetation in reten-
tion ponds is vital to carbon sequestra-
tion.
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The carbon sequestration services of stormwater wet retention ponds were investigated in four different cli-
mates: U.S., Northern Sweden, Southern Sweden, and Singapore, representing a range of annual mean tempera-
tures, growing season lengths and rainfall depths: geographic factors that were not statistically compared, but
have great effect on carbon (C) accumulation. A chronosequence was used to estimate C accumulations rates;
C accumulation and decomposition rates were not directly measured. C accumulated significantly over time in
vegetated shallow water areas (0–30 cm) in the USA (78.4 g C m−2 yr−1), in vegetated temporary inundation
zones in Sweden (75.8 g C m−2 yr−1), and in all ponds in Singapore (135 g C m−2 yr−1). Vegetative production
appeared to exert a stronger influence on relative C accumulation rates than decomposition. Comparing among
the four climatic zones, the effects of increasing rainfall and growing season lengths (vegetative production)
outweighed the effects of higher temperature on decomposition rates. Littoral vegetationwas a significant source
to the soil C pool relative to C sources draining fromwatersheds. Establishment of vegetation in the shallowwater
zones of retention ponds is vital to providing a C source to the soil. Thus, the width of littoral shelves containing
this vegetation along the perimeter may be increased if C sequestration is a design goal. This assessment
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establishes that stormwater wet retention ponds can sequester C across different climate zones with generally
annual rainfall and lengths of growing season being important general factors for C accumulation.

© 2017 Elsevier B.V. All rights reserved.
Fig. 1. Cross section schematic of pond illustrating the three hydrologic zones: deepwater,
shallow water, and temporary inundation (schematic not to scale).
1. Introduction

The use of fossil fuels is the largest anthropogenic greenhouse gas
source, and land use conversion (implicitly or through agricultural
emissions) is the second leading contributor (IPCC, 2013). With C stor-
age in biomass and soils becoming an increasingly valuable ecosystem
service (Newell et al., 2013), policymakers have realized the need to
mitigate climate change through better land use management (Lal,
2004). Globally, urban development continues to increase; by 2050,
2.3 billion new inhabitants will be living in urban areas (UN, 2010).
This provides motivation to know how these new urban areas impact
soil C and the global C budget.

This concept of ecosystem services has been utilized in environmen-
tal planning andmanagement (DeGroot, 2006) and is nowextending to
the design and management of stormwater infrastructure (Moore and
Hunt, 2013; Kandulu et al., 2014). Runoff water quality and hydrology
regulation remain the primary drivers for stormwater control measure
(SCM) implementation and research, and accordingly, the primarymet-
rics for evaluating performance (Lenhart and Hunt, 2011; Lucke and
Nichols, 2015); however, as created ecosystems, SCMs can provide a va-
riety of additional ecosystem services (Moore and Hunt, 2012). Ac-
counting for these enables a more comprehensive estimation of the
multifunctional values of SCMs. Given rising interest in and potential
for regulation of C emissions, establishing C sequestration services of
vegetated SCMs has become a recent research pursuit (Getter et al.,
2009; Moore and Hunt, 2012; Bouchard et al., 2013).

Constructed wet retention ponds (referred to as “ponds” hereafter)
are engineered ecosystems designed to provide runoff hydrology and
quality regulating services. Ponds can significantly reduce peak runoff
rates, remove solids, and provide nitrogen and phosphorus removal
(Hancock et al., 2010; Gallagher et al., 2011). Moore and Hunt (2012)
also demonstrated the ability of ponds in North Carolina (humid sub-
tropical climate), especially with a littoral shelf, to sequester C into the
soil. Carbon sequestration could vary depending on ambient and climat-
ic conditions; thus, the results of Moore and Hunt (2012) are not direct-
ly transferrable to other regions, which limits their relevance
worldwide. This is important given ponds are one of the few SCMs
used globally for stormwater management (Lundberg et al., 1999;
Vezzaro et al., 2011; Borne et al., 2013); yet, there has not been a global
effort to quantify the C sequestration of these engineered ecosystems.

The goal of this study was to evaluate the soil C sequestration pro-
vided bywet retention ponds in four climate zones, with specific objec-
tives to investigate the effects of design components (internal
landforms and vegetation establishment) on C accumulation rates and
making general, not statistical, comparisons of geographic effects
(growing season, rainfall, temperature) these rates among the climate
zones.

2. Methods

2.1. Wet retention pond design characteristics

Ponds are permanently wet basins that receive runoff from a water-
shed. Ponds are designed to have a permanent pool of water and addi-
tional capacity (typically 30 cm) above the permanent pool to store
and slowly release water volume from a design storm event (typically
25–40 mm) over a period of two to five days. There are three different
landforms (also known as hydrologic zones) in the pond: deep water,
shallow water, and temporary inundation (Fig. 1). The deep water and
shallow water depths are measured from the permanent pool level
and range from 30 to 200 cm and 0–30 cm, respectively (MDE, 2016;
NCDEQ, 2016). The temporary inundation zone is an internal-to-pond
floodplain and is designed for a maximum depth of (e.g.) 30 cm above
the permanent pool level when a water quality event occurs. The tem-
porary inundation zone has no significant standing water several days
after the storm.

The deep water zone typically comprises most of the pond's surface
area (approximately 90% coverage), leaving the remaining 10% divided
between the shallow water and temporary inundation zones. Some
ponds are designed with a littoral shelf, where shallow water and tem-
porary inundation zones are purposely vegetated with emergent mac-
rophytes. The littoral shelf is typically a 1–3-m wide perimeter around
the pond (NCDEQ, 2016). This vegetation enhances pollutant removal
(Knowles, 1982; Lenhart et al., 2012), protects the shoreline from ero-
sion (Zhou et al., 2008), and could contribute to volume losses due to
evapotranspiration (Lott and Hunt, 2001).

2.2. Study sites

Ponds were sampled in four different climate zones (Fig. 2): the
United States, specifically in the state of North Carolina, (sub-humid,
sub-tropical climate), Sweden (Southern Sweden—continental and
Northern-subarctic climates), and Singapore (humid, tropical climate)
(Peel et al., 2007). Moore and Hunt (2012) sampled 18 ponds, ranging
from 2 to 15 years of age, in North Carolina, USA. Ten of the surveyed
ponds possessed a littoral shelf (Table 1). North Carolina has four dis-
tinct seasons, with average temperatures in December–February (win-
ter) and June–August (summer) of 3.8 °C and 25.6 °C, respectively
(NCDC, 2014). The annual mean temperature is 15.3 °C, and annual
rainfall is 1250 mm (NCDC, 2014). Precipitation is relatively well dis-
tributed throughout the year.

Twenty ponds, 3–26 years of age, were sampled in Sweden. All
ponds examined had highly vegetated temporary inundation zones,
but only eight possessed littoral shelves that extended into the shallow
water zone (Table 1). The sampling in Sweden crossed two different cli-
mate zones: humid continental and subarctic (Peel et al., 2007). The
humid continental climate region of Sweden has a wide variation in av-
erage seasonal temperature, with December–February (winter) ranging
from−1 °C to 2 °C and June–August (summer) ranging from 14.5 °C to
15.5 °C (WWIS, 2014). Precipitation is relatively well distributed
throughout the year with annual rainfall of approximately 600 mm
(WWIS, 2014). The subarctic climate covers most of northern Sweden.
Average seasonal temperatures for winter range from −10 °C to
−4 °C, with 13 °C to 16 °C in summer. The annual mean temperature



Fig. 2. Ponds included in study: (a) global view of study areas, followed by detailed views of pond locations in (b) North Carolina (U.S.) (c) Sweden, and (d) Singapore.
(Basemap: ESRI, 2015).
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of all Swedish sites sampled is 5.3 °C. Precipitation in this region is also
well distributed with approximately 500 mm annually (WWIS, 2014).
Furthermore, these climate zones also aligned with two different soil
groups: arenosols (U.S. soil class: suborder of Entisol) in the southern
areas and podsols (U.S. soil class: Spodosol) in the northern region.
Therefore, the Swedish pond set was split into northern and southern
regions for analyses (Table 1).

Thirteen ponds were sampled in Singapore ranging from 4 to
15 years of age (Table 1). Of the ponds surveyed, eight had a littoral
shelf (Table 1). The ponds and associated catchment areas were all
located within park lands managed by the National Parks Board of
Singapore; therefore, the percent of impervious surfaces in the water-
sheds were nearly zero. This is considerably different than those sites
sampled in USA and Northern and Southern Sweden. The inclusion of
these sites is still valid because these ponds in Singapore do still receive
relatively large amounts of stormwater runoff (annual rainfall =
2340 mm). These National Parks are very well-groomed and function
more as urban park areas compared to nature preserve areas where
one could actually measure pre-development hydrology. These areas
experience episodic events with flashy peak flows enough for the
need of wet retention pond implementation throughout the country.

Singapore has a tropical rainforest climate with no distinctive (tem-
perature) seasons, uniformmean daily temperatures (26 to 38 °C, annu-
al mean temperature of 26.7 °C), and abundant rainfall of 2340 mm
annually (NEA, 2015; Peel et al., 2007). Rainfall is generallywell-distrib-
uted throughout the year, peaking in December with the North-east
Monsoon (NEA, 2015).

Utilizing a soil chronosequence, ponds of different ages were sam-
pled in the different climate zones to calculate soil C accumulation
rates. In its application, this “space for time substitution” method pro-
vides a convenient way to estimate C accumulation in the absence of
long-term data sets (Neill et al., 1998; Golubiewski, 2006; Moore and
Hunt, 2012; Bouchard et al., 2013). However, in notmeasuring soil C ac-
cumulation rates directly, the authors note that the interpretation of
chronosequence data is limited by the lack of supporting data, such as
including inlet and outlet C flows and depositional patterns within
each site. It is important to note GHG emissions were not measured or
considered in this study.

2.3. Experimental design and sample collection

Experimental design and sampling collection protocol for ponds in
Sweden and Singapore were adapted from Moore and Hunt (2012)
(U.S. pond dataset) and Bouchard et al. (2013). At each pond, a total of
nine soil samples were collected along three transects designated near
the inlet, middle, and outlet of the pond (Fig. 3). Wolf and Wagner
(2005) found inundation depth to be a significant factor affecting C ac-
cumulation rates in ecosystems; therefore, transects were set perpen-
dicular to the water flow path so that soil C samples could be collected
from each of the three hydrologic zones in ponds (temporary inunda-
tion, shallow water, and deep water—Fig. 1). At each sampling point,
the upper 100 mm of the sediment profile was retrieved with a
50 mm diameter soil core. This sediment sampling depth was selected
to capture where changes in wetland soil C content, and most likely
pond soil C content, were expected to occur (Bruland and Richardson,
2006).

2.4. Sample collection and analysis

Bulk density measurements were performed on all individual cores
for the Singapore and Sweden ponds. The cores were oven-dried at
105 °C for a 36–48 h period and weighed (Blake and Hartage, 1986).
The three bulk density measurements of the same hydrologic zone
were averaged for each pond.

After individual core bulk densities were measured, a subsample
from each core was pooled by hydrologic zone, subsequently ground
to b250 μm, and analyzed for % C (g C per g soil). Percent C was mea-
sured through dry combustion at 550 °C with a Perkin-Elmer 2400



Table 1
Characteristics of wet detention ponds sampled.

Climate
zone

Site Age
(years)

Pond area
(ha)

Watershed
area (ha)

% watershed
impervious

USA US-1 2 0.17 5 85
US-2a 2 0.39 14 80
US-3 4 0.12 4 52
US-4 4 0.95 106 68
US-5a 4 0.24 27 50
US-6a 4 0.08 4 50
US-7 5 0.2 7 32
US-8a 5 0.09 5 32
US-9a 6 0.05 3 54
US-10 7 0.11 12 39
US-11 7 1 100 82
US-12a 7 0.06 6 70
US-13a 7 0.08 9 80
US-14a 7 0.31 13 90
US-15 9 0.14 3 65
US-16a 9 0.16 7 64
US-17a 9 0.05 7 70
US-18 15 0.2 17 80

Northern
Sweden

SWE-1a 3 2.21 1490 22
SWE-4a 6 0.33 30 5
SWE-6a 6 0.21 6 45
SWE-7 7 0.5 30 80
SWE-8 7 0.8 31 75
SWE-11 7 0.75 55 75
SWE-14 13 0.48 77 60
SWE-15a 13 0.45 84 97
SWE-16a 17 1.18 40 16

Southern
Sweden

SWE-2 3 0.13 89 85
SWE-3a 4 0.26 27 26
SWE-5 6 0.35 69 60
SWE-9 7 0.73 19 40
SWE-10 7 0.16 13 69
SWE-12 9 0.05 10 40
SWE-13a 12 1.89 342 95
SWE-17 18 1.76 254 95
SWE-18 19 1.8 320 80
SWE-19a 24 0.65 177 97
SWE-20 26 0.09 130 10

Singapore SG-1 4 0.02 1.91 0
SG-2 4 0.15 1.82 0
SG-3 4 0.14 8.13 0
SG-4 4 0.11 0.38 0
SG-5a 4 0.48 2.21 0
SG-6a 6 0.10 0.39 0
SG-7a 6 0.04 0.43 0
SG-8a 6 0.04 0.48 0
SG-9a 7 0.15 0.38 0
SG-10a 9 0.06 0.19 0
SG-11 14 0.09 0.86 0
SG-12a 15 0.89 6.20 0
SG-13a 15 0.07 1.92 0

a Pond possessed a littoral shelf.
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CHN Elemental Analyzer (Golubiewski, 2006). To assume the total C
from these analyses was equal to organic C content, the inorganic C
component, primarily in the form of calcium carbonates, must be negli-
gible (Buell andMakewich, 2004). As stated inMoore and Hunt (2012),
soils throughout the North Carolina, USA, sampling region were
Fig. 3. Plan view of pond with sampling transects.
generally acidic and classified as noncalcarous; therefore, inorganic C
contribution by calcium carbonates was presumed negligible. The
same can also be presumed for the soils sampled in Singapore, which
is classified as having acidic, noncalcareous, and chemically poor soils
(FAO, 1979). The sampling in Sweden took place in two different soil
groups: Entisol in the southern areas and Spodosol in the northern re-
gion. Entisols are typically sandy-textured soils with poor nutrient con-
tent, low base cation concentrations such as calcium, and lack soil
profile development (Brady and Weil, 2008). Spodosols are common
in cold or temperate climates and are characterized as acidic soils and
also have low base cation concentrations (Brady and Weil, 2008). The
absence of calcium carbonates was confirmed for the sample areas
through Swedish soil surveys (SFSI, 2015). The areal C density
(g C m−2) of each hydrologic zone (Eq. (1)) was determined by multi-
plying the % C soil content (g C per c soil) by the mean bulk density of
the respective hydrologic zone ( �ρb) and the depth of the soil sample
(dcore = 0.1 m) (Pouyat et al., 2009).

Areal C Density ¼ %C � ρb � dcore ð1Þ

Because soil texture and structure affect C accumulation (Burke et
al., 1989; Post and Kwon, 2000; Brady and Weil, 2008), subsamples of
all cores from each pond were composited for particle size analysis
using the hydrometer method (Gee and Bauder, 1986). Clay and silt
proportions (% Clay + Silt) measured for each pond were used in the
statistical analyses since fine particles have shown a direct relationship
with % C found in soils (Paul, 1984; Brady andWeil, 2008). The soil tex-
ture and subsequent % Clay + Silt for the U.S. ponds were determined
from NRCS soil surveys (NRCS, 2014).

2.5. Statistical analyses

SAS 9.4 © statistical software was used to investigate the climate
zone-specific parameter effects on the response variable, and areal C
density. Due to physiographic, soil, and climate differences among the
four climate zones, the statistical analyses were performed on the U.S.,
Northern Sweden, Southern Sweden, and Singapore datasets indepen-
dently. A Generalized Linear Mixed Model (SAS 9.4 © PROC GLIMMIX
Type III) was used to fit the datasets and make statistical inferences.
Thismodel permits the data to exhibit correlation and erratic variability
and allows for a user-defined distribution. Due to evidence of heteroge-
neity of residual errors and right skew in the data, the lognormal distri-
bution was used for these analyses. For each climate zone's analysis, the
GLIMMIX model for the best fit was found by minimizing the residual
mean error (ratio of Pearson Chi-Square Statistic and Degrees of Free-
dom) and visual inspection of the residual plots. A Pearson Chi-Square
Statistic: Degrees of Freedom ratio of 1.00 indicated that the variability
in these data had been properlymodeled, and that therewas no residual
overdispersion. Significance was established at α = 0.05.

To examine potential rates of C accumulation in ponds, areal C den-
sities, typically from each hydrologic zone, were regressed (SAS 9.4 ©
PROC GLM) with statistically significant factors (age and/or %
Clay + Silt) found from the PROC GLIMMIX results. During this step,
ponds with and without littoral vegetation were examined separately
to approximate the relative factors affecting C accumulation. Prior to
simple linear regression analyses, all data sets were checked (SAS 9.4
Table 2
Sampled site characteristics (mean ± standard error).

Climate zone Site age (years) Clay + Silt (%) Bulk density (g cm−3)

U.S. 6.28 ± 0.73 58.7 ± 3.0 1.00 ± 0.03
Sweden—North 8.78 ± 1.50 68.6 ± 6.8 0.80 ± 0.07
Sweden—South 12.27 ± 2.46 18.9 ± 3.5 0.90 ± 0.12
Singapore 7.53 ± 1.20 26.2 ± 3.9 0.97 ± 0.06



Fig. 5. Observed vs. predicted/modeled values of areal C density with listed fixed effects
investigated and associated p-values.
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© PROC UNIVARIATE) and log-transformed if necessary to ensure that
normality assumptions were met.

3. Results

3.1. Average soil characteristics

Table 2 contains themean values and standard errors of site and soil
physical conditions. Mean pond age for all sites examined was 7 years.
Overall, soils had higher clay and silt contents in the U.S. and northern
region of Sweden; sandier soils were observed in Singapore and south-
ern Sweden.

3.2. Soil areal C density

The mean areal C density (±standard error) for the deep water,
shallow water, and temporary inundation zones sampled in the
humid subtropical region of the U.S. were 517.2 ± 49.1 g C m−2,
502.6 ± 49.2 g C m−2, and 1224 ± 131.1 g C m−2, respectively (Fig.
4). In contrast, the mean areal C density for the colder climate ponds
in northern Sweden were higher overall with values of 1777 ±
269 g C m−2, 1649 ± 454 g C m−2, and 1553 ± 472 g C m−2 for the
deep water, shallow water, and temporary inundation zones, respec-
tively (Fig. 4). Areal C densities for southern Sweden were the highest
among the datasets—deep water: 2103 ± 408 g C m−2, shallow
water: 1779 ± 365 g C m−2, and temporary inundation: 2283 ±
259 g C m−2. The observed areal C densities for each hydrologic zone
sampled in Singapore's tropical ponds were between those observed
in the U.S. and Sweden: 1343 ± 376 g C m−2, 1341 ± 334 g C m−2,
and 1310±253 g Cm−2 for the deepwater, shallowwater, and tempo-
rary inundation zones, respectively (Fig. 4).

3.3. USA ponds

Because % Clay + Silt is a possible factor in C sequestration rate, a
new statistical analysis was conducted on the ponds sampled and orig-
inally presented in Moore and Hunt (2012). Fig. 5 illustrates the
GLIMMIX model fit of fixed effects and resultant p-values that best de-
scribed the U.S. ponds' areal C density. This additive model of fixed ef-
fects listed on Fig. 5 had a Pearson Chi-Square: Degrees of Freedom
ratio of 1.38. The model indicated that vegetation status (1 = littoral
shelf present, 0=no littoral shelf present: p-value=0.012) and hydro-
logic zones (p-value b 0.0001) were significant factors in C accumula-
tion in U.S. ponds (Fig. 5).
Fig. 4.Areal C density of the top 100-mmof soil sampled in three different hydrologic zones (tem
southern Sweden, and Singapore.
Since vegetation and hydrologic zone had significant roles in C accu-
mulation, these factors were further investigated. The U.S. ponds with
and without littoral vegetation were separated and regressed with age
for each hydrologic zone. The overall areal C density of the shallow
water zone of vegetated ponds (median = 532.5 g C m−2) was signifi-
cantly greater than that of non-vegetated ponds (median =
362.5 g C m−2; Wilcoxon rank sum p-value = 0.0328). The predicted
rate of soil C accumulation with age (78.43 g C m−2 yr−1) in vegetated
zones of U.S. ponds was significant (PROC GLM p-value = 0.0104). Lin-
ear regression showed no significant effect of % Clay+Silt on C accumu-
lation (PROC GLM, p-value = 0.112). These results were in line with
those found in the analysis of Moore and Hunt (2012).

3.4. Sweden ponds

The GLIMMIXmodel fit of fixed effects (Pearson Chi-Square:Degrees
of Freedom ratio) for ponds in northern Sweden was 3.89 (Fig. 6a) and
revealed % Clay+ Silt and Hydrologic Zone to have significant effects on
areal C density. Clay+ Silt percentage alsowas found to significantly af-
fect C accumulation (Fig. 6b) in southern Sweden (Pearson Chi-
Square:Degrees of Freedom ratio= 2.00). Linear regression of C density
with the % Clay + Silt was conducted for both regions; no relationship
porary inundation, shallowwater, and deepwater) of ponds in the U.S., northern Sweden,



Fig. 6. Observed vs. predicted/modeled areal C density with listed fixed effects investigated for the ponds sampled in (a) northern Sweden and (b) southern Sweden and associated p-
values.
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was found for ponds located in the northern region, but a positive rela-
tionship, albeit weak, between C densities and % Clay + Silt for the
southern ponds was observed (PROC GLM: Carbon = 76.68
(Clay+ Silt) + 445.21, p-value = 0.0004).

All the Swedish ponds (north and south) had highly vegetated
temporary inundation zones at the time of sampling, but not all lit-
toral vegetation extended into the shallow water zones (that is,
they did not have littoral shelves, per se) as indicated in Table 2. Be-
cause the USA results demonstrated a significant C accumulation
with age in the vegetated shallow water areas of ponds, vegetated
zones for all Swedish ponds were lumped together and investigat-
ed. The ponds with and without littoral shelves were separated
and regressed with age for each hydrologic zone. Although not sig-
nificant at the α = 0.05 level (PROC GLM: Carbon = 75.81
Fig. 7. Observed vs. predicted/modeled values of areal C density with listed fixed effects
investigated and associated p-values.
(Age) + 1143.2; p-value = 0.0510), the temporary inundation
zone trended toward C accumulation (75.81 g C m−2 yr−1) with
age. Soil texture (% Clay + Silt) was the main C accumulation factor
in both Swedish regions, in addition to pond age, when examining
vegetated temporary inundation zones of all Swedish ponds.

3.5. Singapore ponds

Fig. 7 illustrates the GLIMMIXmodel fit of the listed fixed effects and
resultant p-values that best described the Singapore ponds' areal C den-
sity values. This model had a Pearson Chi-Square:Degrees of Freedom
ratio of 1.95. The model indicated that age was the significant factor
(p-value = 0.0016) in C accumulation.

Since hydrologic zone and vegetation status (8 of 13 ponds pos-
sessed littoral shelves) did not affect C accumulation, areal C densities
for all ponds and hydrologic zones were regressed with age to deter-
mine a C accumulation rate. The rate of soil C accumulation with age
(135.24 g C m−2 yr−1) of ponds in Singapore was significant (PROC
GLM: Carbon = 135.2 (Age) + 311.89, p-value = 0.0012). However,
only 25% of the variability in areal carbon densities was explained by
pond age (R2 = 0.25).

4. Discussion of carbon accumulation factors

When investigating vegetated pond zones utilizing the
chronosequence experimental design, age was found to be a significant
predictor for areal C densities in all four climate zones, demonstrating
that certain parts of ponds can accumulate C over time. Because these
C accumulation rates were determined independently among climate
zones, comparisons made and discussed hereafter were not based on
statistical analyses; they aremere generalizations of C accumulation fac-
tors and mechanics. Carbon accumulation rates for vegetated shallow
water areas in U.S. ponds (78.4 g C m−2 yr−1), temporary inundation
zones in Sweden (75.8 g C m−2 yr−1), and throughout all hydrologic
zones of ponds in Singapore (135 g C m−2 yr−1) were similar to other
estimates by researchers. Moore andHunt (2012) found vegetated shal-
low water areas of constructed stormwater wetlands in North Carolina,
USA, to sequester C at a rate of 84.4 g Cm−2 yr−1. Two riverinewetlands
accumulated organic C accumulation at rates of 152–166 g C m−2 yr−1

over a 10-year period in Ohio, USA (Anderson and Mitsch, 2006). The
soil organic C accumulation rate in created estuarine marshes in North
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Carolina, USA, was 80 g Cm−2 yr−1 (Craft, 1997). The observed rates of
C accumulation in all four climate zoneswere also comparable to that of
other stormwater control measures and land uses. Bouchard et al.
(2013) found a C accumulation rate of 99 g Cm−2 yr−1 in roadside veg-
etatedfilter strips and vegetated swales in the piedmont region of North
Carolina, and U.S. residential turf grasses have been shown to sequester
C at rates of 72–90 g C m−2 yr−1 (Qian and Follett, 2002; Golubiewski,
2006; Pouyat et al., 2009). Soils of grasslands and forests reestablished
on formerly cultivated lands were found to accumulate 54–
80 g C m−2 yr−1 (Conant et al., 2001; Riedell et al., 2011). At some
point these land uses will most likely reach a “saturation age” where
rates of C accumulation will slow or cease (Post and Kwon, 2000).
Bouchard et al. (2013) found that after 21.5 years, roadside vegetated
swales and filter strips no longer sequestered C. Additionally, West et
al. (2004) found that land converted to grassland accumulated C at a
higher rate (74 g C m−2 yr−1) within the initial 15 years, as compared
to slower rates (65 and 54 g Cm−2 yr−1) at 15–30 and 30–45 years, re-
spectively. Therewas no evidence of C saturation hereinwith age; how-
ever, these ponds were also fairly young (age b 26 years). To investigate
the time to “C saturation” of ponds, the age range of ponds must be ex-
panded in future studies.

The presence of vegetation (with age) was significant for C accumu-
lation for shallow water zones in the USA ponds and temporarily inun-
dated zones in Sweden. The presence of water in permanently flooded
sites (shallow and deep water zones) slows organic matter decomposi-
tion due to anaerobiosis; whereas, in temporarily inundated zones, a
substantial portion of the C that is initially retained in the soil during
flooding is later oxidized when this zone dries (Wolf and Wagner,
2005). Bernal andMitsch (2008) suggested that the presence of contin-
uous anaerobic conditions is the more important factor for enhancing C
storage in wetland soils than higher productivity of vegetation in tem-
perate and tropical climates. This explains why the shallow water
zones (which remain saturated by design), not temporary inundation
zones (which do not), demonstrated C accumulation in the USA ponds
with a temperate climate. However, Swedish ponds had a different re-
sult, as stated previously. Bernal and Mitsch (2008) further state that
it is the combination of both anaerobic conditions and ecosystem pro-
ductivity that make permanently flooded wetland soils highly organic.
Sweden has a colder climate (and thus lower decomposition rates) rel-
ative to the USA; because of the climate, temporarily inundated areas
weremuchbetter vegetated than shallowwater zones (a direct contract
to the USA). C accumulation rates reflected vegetated coverage. Given
the lack of C accumulation with age observed in non-vegetated ponds
in both Sweden and the USA, it is speculated that biomass produced in-
ternally, rather than inputs from external sources in watersheds, leads
to pond C accumulation. Biomass carbon of emergent and submerged
vegetationwere not directly measured in this study because soil Cmea-
surements were assumed to be indicative of permanently sequestered
C, whereas biomass C can be mobile and/or oxidized (Wolf and
Wagner, 2005).

The ponds sampled in Singapore also demonstrated an accumula-
tion of C with age, regardless of hydrologic zone or presence of littoral
vegetation, which could be attributed to proliferation of algal biomass
in nearly all of the Singaporean ponds. As the algae die, C is accumulated
at the bottom of the ponds, and the majority of the algal biomass C stay
sequestered long term (Arfi and Guiral, 1994). Moore and Hunt (2012)
highlighted the importance of vegetation in C accumulation for con-
structed stormwater wetlands in the urban environment, while Craft
et al. (1988) found that vegetation was also the primary soil C source
in constructed coastal marshes. The importance of vegetation is
highlighted as a key factor in soil organic C accumulation in shrublands,
grasslands, and forests for many different climates in Jobbágy and
Jackson (2000).

Others have documented substantially higher rates of C accumula-
tion in ponds. Downing et al. (2008) estimated C burial rates in eutro-
phic agricultural ponds could exceed 10,000 g m−2 yr−1. Anderson
and Mitsch (2006) observed greater organic C density and accumula-
tion rates in the deep water regions of two constructed wetlands com-
pared to shallow water zones with emergent vegetation, primarily
due to the higher mean sediment accumulation observed in deep
water zones compared to the rest of the wetlands. Although not mea-
sured directly herein, contributions of C from the contributing water-
sheds is likely small as sedimentation rates from stabilized urban
areas range from 0.1 to 13 kg m−2 yr−1 (Walker, 2001; Graney and
Eriksen, 2004; Pontier et al., 2004). Moreover, the muck layer observed
in the ponds during sampling was neither sediment-filled nor deep,
supporting the postulation that sedimentation rates and C additions
from contributing watersheds were relatively low. The areal C density
values, herein, among the three hydrologic zones in both Singapore
and Sweden were not significantly different (Tukey-Kramer: all p-
values N 0.18). For the U.S. ponds, the C densities for deep and shallow
water zones were not significantly different (Tukey-Kramer p-
value = 0.99). The lack of difference in C content among the hydrologic
zones may suggest the assessing technique is limited when detecting
site level trends in organic C distribution. While the method uncovered
differences in accumulation patterns between vegetated and non-vege-
tated sites, it was too coarse to detect the spatial distribution of Cwithin
a site. Finer resolution sampling designs, similar to Anderson et al.
(2005), Anderson and Mitsch (2006), and Drouin et al. (2011), could
be utilized to uncover depositional patterns of C in ponds. These finer
resolution methods could also provide more detailed investigations
spatial distribution of C within a pond and hydrodynamic factors affect-
ing C accumulation, specifically in the temporary inundation zone to
compare the magnitudes of soil C input from vegetation versus in-
creased deposition of external C inputs due to reduced flow velocities.

Clay can protect soil organic matter from decomposition by adsorp-
tion and aggregation, slowing turnover, thereby effectively increasing
soil organic matter (Paul, 1984; Burke et al., 1989; Torn et al., 1997). In-
creasing silt content also increases water holding capacity, impacting
water availability, an important factor for plant productivity (and resul-
tant soil C inputs, Paul, 1984; Burke et al., 1989; Jobbágy and Jackson,
2000). In this study, the influence of % Clay + Silt content on C accumu-
lationwas observed in drier environments (Sweden) and diminished as
annual precipitation and temperature increased; % Clay + Silt did not
explain any of the variation of C accumulation in U.S. and Singapore
ponds.

The ponds measured in each of the four climate zones have differing
spatial extents: ponds in USA and Singapore were closer together, spa-
tially, than those ponds sampled in northern and southern Sweden.
However, some of the observed variability might instead be due to de-
sign guidance differences among the four climatic zones. For instance,
the USA ponds were relatively well modeled (Pearson Chi-Square: De-
grees of Freedom ratio of 1.38), while the Singapore (1.95), northern
Sweden (3.89), southern Sweden (2.00) were not fit as well, despite
best efforts. The USA ponds were all designed under the same design
manual and guidance (NCDEQ, 2016), while no uniform design guid-
ance was found for wet retention pond design in Sweden (northern or
southern) or Singapore.

Soil organic C storage is the balance of C inputs from plant produc-
tion and outputs through decomposition (Schlesinger, 1977; Burke et
al., 1989; Jobbágy and Jackson, 2000). In humid climates, both produc-
tion and decomposition rates of vegetation increase with temperature
(Schlesinger, 1977; Oades, 1988), but previous research established in-
creases in decomposition are greater, creating an overall indirect rela-
tionship between C accumulation and temperature (Schlesinger, 1977;
Oades, 1988; Burke et al., 1989). Based on temperature (and associated
decomposition rates) alone, one would expect rates of C accumulation
to be greatest in Sweden and least in Singapore, but as demonstrated
herein, this was not the case. The annual rainfall amounts and approxi-
mate lengths of the growing season in the sampling regions of Sweden
(600 mm, 120 days), USA (1250 mm, 200 days), and Singapore
(2340 mm, 365 days) span a wide range (NCDC, 2014; WWIS, 2014;
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NEA, 2015). In arid to subhumid ecosystems, annual rainfall is themost-
limiting factor in production and subsequent decomposition of plants
(Webb et al., 1978; Sala et al., 1988; Amundson et al., 1989). Higher
rainfall and lengths of growing season in these ecosystems yielded a
greater response of plant production relative to decomposition rates
(Webb et al., 1978; Sala et al., 1988; Amundson et al., 1989; Burke et
al., 1989; Austin and Vitousek, 1998). Therefore, from annual rainfall
and lengths of growing season alone (plant production), rates of C accu-
mulationwould be greatest in Singapore and least in Sweden. Ideal con-
ditions for C sequestration are when plant production is maximized
(high rainfall and growing season days) and decomposition rates are
minimized (lower temperature). How these two C accumulationmech-
anisms (rainfall/growing season and temperature) compete was dem-
onstrated; accumulation rates in vegetated areas of ponds in the U.S.
and Swedenwere very similar: 78.4 and 75.8 g C m−2 yr−1, respective-
ly, while those of Singaporewere almost double: 135 g Cm−2 yr−1. De-
spite Singapore's relatively high mean annual temperature relative to
that of the U.S. and Sweden, it appears that high annual rainfall and
year-round growing season promotemore plant production and subse-
quent C input to the soil, ‘overwhelming’ decomposition rates. Mean-
while, low plant production but slow decomposition rates in Sweden
yielded the same C accumulation rate observed in the USA, which had
higher decomposition rates but also more rainfall and a longer growing
season (and presumably more C inputs to the soil. Annual rainfall, or
lack thereof, was distinguished as an important C accumulation factor.
Future research should focus on the role of annual rainfall and growing
season lengths on C accumulation in ponds. Future research endeavors
are also needed to quantify GHG fluxes in wet retention ponds to better
understand the net carbon sequestration rate in these aquatic
ecosystems.

4.1. Design implications for carbon accumulation in ponds

The C accumulation assessment of ponds herein suggests that littoral
vegetation is a significant source for the soil C pool relative to C sources
from the contributingwatersheds; it is a critical component of C seques-
tration in ponds. Moore and Hunt (2012) found that vegetated shallow
water areas of constructed stormwater wetlands were able to sequester
C at rates of 84.4 g C m−2 yr−1, while Craft et al. (1999) observed accu-
mulation rates of 90–160 g C m−2 yr−1 in coastal North Carolina, USA,
marshes. Establishing vegetation in the shallow water and temporary
inundation zones of ponds is vital to providing a C source to the soil.
Current design guidance (MDE, 2016; NCDEQ, 2016) suggests the litto-
ral shelf surface coverage be limited to 1 to 3mwide swaths around the
perimeter of the pond. If C sequestration is a design goal, perhaps the
width of this shelf should be increased. Ensuring the water levels are
suitably shallow to support emergent vegetation is also important.
This can be achieved by adjustable outlet structures and propermainte-
nance (Hunt et al., 2011; Merriman and Hunt, 2014). A soil test is rec-
ommended to assure sufficient soil nutrients for healthy vegetation
growth while minimizing the potential for nutrient export.

5. Summary and conclusions

The carbon sequestration services of stormwater wet retention
ponds were investigated in four different climates in the USA, Sweden,
and Singapore, representing a range of annual mean temperatures and
rainfall amounts. The three pond landforms (hydrologic zones)—deep
water, shallow water, and temporary inundation—were assessed, with
the presence of littoral vegetation noted during sample collection.

The competing potential mechanisms of vegetation production
(Singapore N U.S. N Sweden) and decomposition rates
(Singapore N U.S. N Sweden) on C accumulation rates are evident in
this study. Accumulation rates found for vegetated areas of ponds in
the USA and Swedenwere very similar: 78.4 and 75.8 g Cm−2 yr−1, re-
spectively, while rates of C accumulation in Singapore were almost
double: 135 g C m−2 yr−1. Although Singapore has a relatively high
mean annual temperature relative to the USA and Sweden, high annual
rainfall amounts and a year-round growing season enable more plant
production and subsequent C sources to the soil, apparently ‘over-
whelming’ decomposition rates. Meanwhile, low primary production
but slow decomposition rates in Sweden yielded the same C accumula-
tion rate observed in the U.S., with the latter's higher decomposition
rates offset by higher rainfall and a longer growing season for C inputs
to the soil.

Littoral vegetation was a significant source to the soil C pool relative
to watershed C sources and a critical component of C sequestration in
these systems. Establishing vegetation in the shallowwater and tempo-
rary inundation zones of retention ponds appears vital to providing a
long-term C source to the soil. Increasing the typically limited coverage
of littoral vegetation (that provided by a 1–3 m strip of perimeter vege-
tation) is recommended if C sequestration is a design goal. Ensuring suf-
ficiently shallow water levels to support emergent vegetation is
important.

While more detailed analysis is recommended to better understand
inlet C sources, spatial distribution of C within a pond, hydrodynamic
factors affecting C accumulation, and the net C sequestration benefit
considering GHG emissions, this assessment using a chronosequence
experimental design establishes that vegetated stormwater wet reten-
tion ponds have the ability to sequester C over time in four different cli-
mate zones, with texture (% Clay + Silt content) being an additional
significant factor in C accumulation in some systems. Annual rainfall,
or lack thereof, combined with growing season lengths were distin-
guished as important C accumulation factors. Gaining insights into the
effect of decomposition rates on C accumulation across climates with
similar annual rainfall and growing season lengths will be valuable.
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