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Abstract
Tidal wetlands are a significant source of dissolved organic matter (DOM) to coastal ecosystems, which impacts nutrient 
cycling, light exposure, carbon dynamics, phytoplankton activity, microbial growth, and ecosystem productivity. There is 
a wide variety of research on the properties and sources of DOM; however, little is known about the characteristics and 
degradation of DOM specifically sourced from tidal wetland plants. By conducting microbial and combined UV exposure 
and microbial incubation experiments of leachates from fresh and senescent plants in Chesapeake Bay wetlands, it was 
demonstrated that senescent material leached more dissolved organic carbon (DOC) than fresh material (77.9 ± 54.3 vs 
21.6 ± 11.8 mg DOC  L−1, respectively). Degradation followed an exponential decay pattern, and the senescent material 
averaged 50.5 ± 9.45% biodegradable DOC (%BDOC), or the loss of DOC due to microbial degradation. In comparison, 
the fresh material averaged a greater %BDOC (72.6 ± 19.2%). Percent remaining of absorbance (83.3 ± 26.7% for fresh, 
90.1 ± 10.8% for senescent) was greater than percent remaining DOC, indicating that colored DOM is less bioavailable than 
non-colored material. Concentrations of DOC leached, %BDOC, and SUVA280 varied between species, indicating that the 
species composition of the marsh likely impacts the quantity and quality of exported DOC. Comparing the UV + microbial 
to the microbial only incubations did not reveal any clear effects on %BDOC but UV exposure enhanced loss of absorbance 
during subsequent dark incubation. These results demonstrate the impacts of senescence on the quality and concentration 
of DOM leached from tidal wetland plants, and that microbes combined with UV impact the degradation of this DOM dif-
ferently from microbes alone.

Keywords Tidal marsh plants · Chromophoric dissolved organic carbon · Degradation · PARAFAC

Introduction

Tidal wetlands are a significant source of dissolved organic 
matter (DOM) to coastal ecosystems, consistently exporting 
dissolved organic carbon (DOC) through tidal flushing during 

seasons of both low and high plant biomass (Tzortziou et al. 
2008). Wetland sourced DOM is optically distinct and of 
different quality (in terms of its photo- and bio-reactivity) 
from estuarine DOM (Tzortziou et al. 2008; Logozzo et al. 
2021). Thus, tidal wetlands are an important component of 
biogeochemical cycles and estuarine metabolism in coastal 
ecosystems (Hansell and Carlson 2015).

DOM, here operationally defined as a mixture of soluble 
organic compounds that can pass through a 0.2 µm pore size 
filter, is constituted primarily of dissolved organic carbon 
(DOC), but also dissolved organic nitrogen and phosphorus 
(Hansell and Carlson 2015). The dynamics of DOM, thus, 
impact C, N, and P cycling, phytoplankton activity, microbial 
growth, and ecosystem productivity (Tzortziou et al. 2007; 
2008; 2011; Fellman et al. 2010; Hansell and Carlson 2015; 
Logozzo et al. 2021). Thus, it is important to understand the 
sources of DOM, how DOM moves through ecosystems, and 
how DOM is transformed in aquatic environments.
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Sources of DOM in estuaries include terrestrial, 
marine, and estuarine primary production. Marine and 
terrestrial plants are biochemically distinct; therefore, 
land-derived organic components of DOM strongly influ-
ence DOM character (Hedges 1992). Some examples of 
terrestrial sources are plants, soils, and tidal sediments, all 
of which are present in wetlands that constantly exchange 
DOM with estuaries through runoff and tidal flushing. One 
theory in DOM export is the “fall dump” hypothesis, in 
which higher DOC concentrations are leached during the 
fall senescing period, indicating the importance of inves-
tigating both fresh and senescing material (Qi et al. 2017; 
Schiebel et al. 2018). Previous studies in Chesapeake Bay 
and North Carolina marshes showed that the greatest DOC 
concentrations in tidal marsh runoff are often observed 
in late summer and early fall (e.g., Tzortziou et al. 2008; 
Osburn et al. 2015). While vegetation-derived DOM char-
acteristics typically vary based on the plant species, soil-
derived DOC typically has less seasonal and spatial vari-
ability (Wickland et al. 2007; Pinsonneault et al. 2020). In 
addition, soil-derived DOC is more refractory than DOC 
that has not been subject to soil processes (Wiegner and 
Seitzinger 2004).

Dissolved organic matter content is also an important 
determinant of the optical properties of natural waters. 
With a strong absorption and fluorescence signal in the 
UV–Visible range, the colored, or chromophoric, compo-
nent of DOM (CDOM) affects light attenuation and bio-
geochemical and photochemical processes across marine,  
coastal, and inland aquatic environments (Helms et al. 2008).  
Because CDOM optical properties depend on the amount 
and chemical composition of DOM, optical analyses can 
be used to track water mixing (Murphy et al. 2008) as well 
as DOM source material (Hansen et al. 2016).

To quantify the importance of DOC in coastal and global 
carbon cycles and budgets, many previous studies con-
ducted detailed laboratory biodegradation and photodeg-
radation incubation experiments. Some studies of streams 
and estuaries suggest that photodegradation plays a larger 
role in DOC removal than biodegradation alone and may 
even increase biolability (Moran et al. 2000; Lu et al. 2013; 
Logozzo et al. 2021). During degradation, terrestrial humic 
substances, as classified by fluorescence components, are 
preferentially lost (Moran et al. 2000; Lu et al. 2013). In 
contrast, biodegradation of salt marsh and seagrass leachates 
preferentially consumed the protein-like component (Wang 
et al. 2014). Additionally, the percent biodegradable DOC 
(%BDOC) varied among leachates of peat bog species and 
was positively related to the relative amount of protein-like 
components but inversely related to the relative amount 
of humic components (Pinsonneault et al. 2016). Lastly, 
%BDOC tends to be higher for fresh material compared to 
aged material, such as peat and leaf litters (Fellman et al., 

2013; Pinsonneault et al. 2016). Fluorescence components 
may offer a broadly applicable metric to assess the wide 
range of biodegradability of plant leachates; however, there 
is a lack of data relevant to DOC derived from tidal marsh 
vegetation.

The literature includes a variety of additional experiments 
examining leaching dynamics of wetland plants (Balogh 
et al. 2006; Fischer et al. 2006; Qi et al. 2017), degrada-
tion of DOM within waters (Vodacek et al. 1997; Wiegner 
and Seitzinger 2004; Yamashita et al. 2008; Walker et al. 
2013; Osburn et al. 2015; Medeiros et al. 2017), and deg-
radation of DOM sourced from plant material (Wickland 
et al. 2007). Few studies, though, focus on the degradation 
of DOM sourced from wetland plants specifically, and most 
of these lack data on seasonality (e.g., Vähätalo and Wetzel, 
2008; Hansen et al. 2016).

Using chemical, absorbance, and fluorescence techniques, 
this study aims to investigate the biodegradation and pho-
todegradation of DOM leached from fresh and senescent 
plants common to Chesapeake Bay wetlands. These results 
will be especially applicable as they complement several 
other DOM studies that have been completed in the region, 
including a microbial and photodegradation investigation of 
CDOM exported from tidal marshes (Logozzo et al. 2021), 
an investigation of DOM sources within the nearby estua-
rine Rhode River using optical properties (Tzortziou et al. 
2008), a spatial analysis of tidal marsh sourced CDOM in 
the Rhode River (Tzortziou et al. 2011), and a study on the 
role of marsh soils and salinity in controlling variability in 
the magnitude of DOC exchange at the tidal marsh-estuarine 
interface (Pinsonneault et al. 2020). Data from this study 
are also relevant to the carbon dynamics in a marsh-estuary 
hydrodynamic-biogeochemical model implemented in the 
Rhode River (Clark et al. 2020).

The objectives of this study are to (1) examine how DOM 
sourced from Chesapeake Bay wetland plants changes with 
time during exposure to microbes, as well as a combination 
of microbes and ultraviolet radiation, and (2) examine how 
these changes compare between fresh and senescent mate-
rial. We hypothesize that (1) UV exposed material will be 
more labile, (2) senescent material will leach more DOM 
than fresh material in accordance with the “fall dump” 
hypothesis, and (3) that the DOM will become more refrac-
tory throughout the degradation process as labile material 
will be more readily degraded.

Methodology

Site Description

Samples were taken at Kirkpatrick Marsh (38°52′35.4″N, 
76°32′57.1″W), also known as the Global Change Research 
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Wetland (GCReW), and Jug Bay wetlands (38°47′05″N, 
76°42′06″W), which are both part of the Chesapeake Bay 
watershed (Fig. 1). Brackish and freshwater tidal marshes, 
similar to Kirkpatrick and Jug Bay wetlands, cover about 
700  km2 along the shores of the Chesapeake (Cestti et al. 
2003). Kirkpatrick Marsh is located near the Smithsonian 
Environmental Research Center along the Rhode River 
subestuary and is a typical high elevation (from 0.4 to 
0.6 m above mean low water) marsh for Mid-Atlantic North 
America. A creek bisects the marsh, and it is primarily 
vegetated by Sporobolus pumilus (formerly Spartina pat-
ens), Distichlis spicata, Iva frutescens, and Scirpus olneyi. 
Kirkpatrick marsh is fully submerged about 2% of the time  
and drains an area of about 0.03  km2 (Jordan and  
Correll 1991).   Located on the Patuxent River, Jug Bay is an  
inland freshwater tidal marsh which is highly influenced 
by urban and suburban development (Swarth et al. 2013). 
It is predominantly vegetated by Leersia oryzoides, Hibis-
cus moscheutos, Peltandra virginica, Phragmites australis, 
Polygonum arifolium, and Typha × glauca (high marsh) and 
non-persistent emergent Nuphar lutea, Pontederia cordata, 
and Zizania aquatica (low marsh) (Swarth et al. 2013). The 
growing season for both marshes is approximately from 
May through October. Green biomass peaks in July and 
plants start to senesce in August (Curtis et al. 1989).

Sample Collection

Fresh cuttings were collected from a variety of wetland 
plant species during July of 2017. From Kirkpatrick marsh 
(GCReW), three square (S. americanus), common reed (P. 
australis), and cordgrass (S. pumilus) were collected. From Jug 
Bay wetlands, yellow water lily (N. lutea), cattail (T. angusti-
folia), and rose mallow (H. moschuetos) were collected. Both 
leaf and stem samples were collected for fresh T. angustifolia, 
N. lutea, H. moschuetos, and P. australis. Stem samples were 
collected from S. americanus and S. pumilus. Senescent plant 
material was sampled during the second week of September 
2019. Cattail (T. angustifolia, Jug Bay), cordgrass (S. pumilus, 
Kirkpatrick), common reed (P. australis, Kirkpatrick), high tide 
bush (I. frutescens, Kirkpatrick), and three square (S. ameri-
canus, Kirkpatrick) were all sampled. Cuttings were taken from 
senescent portions of the plants. Leaves were sampled from 
T. angustifolia, P. australis, and I. frutescens, whereas stem 
and leaf blades were sampled from S. americanus and S. pumi-
lus. Not all species sampled for fresh material were sampled 
for senescent material as not all species were senescing at the 
time of collection, and senescing stems were not included due 
to limitations on how many samples could be accommodated 
during the UV-exposure experiment. Field-moist samples were 
stored in sealed freezer bags and transported back to the lab 
where they were stored at 4 °C awaiting analysis.

Fig. 1  a shows Kirkpatrick Marsh, which adjoins the Rhode River, 
b shows Jug Bay Wetlands, which adjoins the Patuxent River, and c 
shows the marsh sampling sites on the Chesapeake Bay. Marsh sites 

are denoted in green, while nearby cities are denoted in purple. Plot-
ted using QGIS with data from the USGS Hydrography Dataset (U.S. 
Geologic Survey, National Geospatial Program 2020)
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DOC Extraction

Biodegradability and photodegradability were assessed 
using water extraction and incubation techniques modi-
fied from Pinsonneault et al. (2016) and Logozzo et al. 
(2021). Separate incubations were conducted for the fresh 
and senescent material. In each case, unhomogenized field 
moist plant samples were soaked in deionized water at a 
1:100 dry weight to water ratio. Wet to dry weight ratios 
were determined by measuring wet weight mass on a set of 
trial samples, then drying to constant weight at 60 °C. These 
ratios were then applied to a new collection of wet material  
to determine the amount of material needed to obtain a 1:100 
dry weight:water ratio in the incubation. The plants were 
soaked overnight (~17 h) at approximately 20 °C in the dark. 
The following day, the leachates were filtered through What-
man glass fiber filters (GF/F, 0.7 µm) to remove particulates 
and stored at 4 °C. To isolate DOC, the leachates were further 
filtered through 0.2 µm Nuclepore filters. This filtering process 
took place over 2 days. An aliquot was then taken to estimate 
the initial DOC concentration ([DOC]). The leachates were 
refrigerated at 4 °C for less than 2 days before the beginning  
of the incubation.

The day before the beginning of the incubation, an inocu-
lum was prepared using the same procedure as Pinsonneault 
et al. (2016) to maintain comparability between studies. The 
inoculum used a composite of all of the plant species, which 
were added in approximately equal amounts, at a ratio of 4 g 
wet organic matter to 45 mL deionized water. The senescent 
inoculum used a composite of all of the senescing species 
used, whereas the fresh inoculum used a composite of all 
of the fresh plant species. In each case, the composite of 
the relevant plant cuttings were soaked overnight in filtered 
(0.2 µm) DI water, for about 18 h in the dark at 20 °C. In 
order to avoid adding particulate matter to the incubation, 
the inoculum was filtered through ceramic wool before use.

DOC Extract Incubations

The incubation began by diluting the leachates to a DOC 
concentration < 20 mg  L−1 DOC to prevent excess microbial 
growth. The leachates were initially diluted to about 15 mg 
 L−1, but the addition of the inoculum post-dilution increased 
the concentration by 3 (fresh) to 5 (senescent) mg  L−1. The 
concentrations attained post-dilution were 20.1 ± 1.2 mg 
 L−1 (mean ± SD) for senescent material and 18.3 ± 1.3 mg 
 L−1 for fresh, except for two fresh stem extracts that were 
already dilute (P. australis: 15.9 mg  L−1 and H. moscheu-
tos 9.6 mg  L−1). By comparison, the DOC concentration in 
surface water draining GCREW at low tide is in the range 
of 4 to 17 mg  L−1 (Tzortziou et al. 2008; Menendez 2017). 
Median DOC in July is around 8 mg  L−1. We report our 
results proportionally or in terms of initial DOC leached 

to address these differences. Deionized water was used to 
dilute these solutions. This deionized water was filtered to 
0.2 µm to minimize introduction of other microbial inocula. 
In the experimental plan based on Pinsonneault et al. (2016), 
it is assumed that once filtered through 0.2 µm, the material 
would be nearly sterile. Some bacteria can still pass through 
0.2 µm filters (e.g., Wang et al. 2007; Logozzo et al. 2021), 
but this residual quantity of bacteria is expected to be minor 
compared to the separately added inoculum.

The leachates were prepared by species, then divided 
among multiple types of incubations. Before the addition 
of the inoculum, a 40 mL sample was taken of the diluted 
leachate to serve as a pre-inoculation control. We then added 
1% by volume of inoculum to each leachate. No nutrients 
were added to the leachates. This solution was then thor-
oughly mixed, and a 40 mL sample was taken to serve as a 
Day 1 sample for the UV + microbial incubation.

To prepare for the bacteria-only incubation, based on 
Pinsonneault et al. (2016), substrate for microbial growth 
was provided by placing two combusted glass fiber filters 
(Whatman GF/F), cut in half using sterilized scissors, in 
acid washed 500 mL, wide mouthed, soda-lime glass jars 
(“Mason” jars). Triplicate Mason jars for each species were 
filled with 450 mL of leachate, and loosely covered with 
aluminum foil and incubated in the dark at 20 °C. The jars 
were agitated daily.

The microbial (dark) incubations, conducted in triplicate 
for each species, were sampled on Days 1, 5, 8, 14, 28, and 
42 (senescent material) and Days 1, 3, 7, 14, 28, and 56 
(fresh material). The Day 1 sample was taken at the end of 
the incubation preparation process. On the other days, each 
jar was weighed then thoroughly agitated and a single 60 
mL aliquot was removed from each Mason jar. The sample 
was then filtered through 0.45 µm glass fiber syringe fil-
ters (Whatman GD/X) to exclude any particulate material 
from the added filters in the jars. The same syringe and filter 
was used for each species, and thoroughly rinsed between 
each species. Samples were stored in acid washed, com-
busted brown glass bottles at 4 °C in the dark until further 
processing.

The UV-exposed and microbial (UV + microbial) incuba-
tion followed the methodology of Logozzo et al. (2021). In 
order to conduct triplicate UV + microbial and dark control  
incubations for each species, three acid-washed FEP (“Teflon”)  
bottles were filled with 100 mL of leachate with added inoc-
ulum. The Teflon bottles were irradiated from below in a  
UV exposure setup as described in Logozzo et al. (2021) for 
Days 1–8. The bottles were positioned on a UV-transmitting 
acrylic Plexiglas sheet that was placed approximately one  
inch above two Q-labs UVA340 lamps providing an aver-
age exposure of 8.7 W  m−2. The 100 mL of filtrate filled 
the Teflon bottles to a depth of about 4 cm. These bottles 
were inverted once per day, and their positions above the  

1327Estuaries and Coasts  (2022) 45:1324–1342



lamps sequentially displaced one position per day so that all 
bottles received the same exposure. The room was kept at 
20 °C, and the lamp was on 24 h per day which resulted in  
a daily UV exposure of about 750 kJ  m−2. This is compara-
ble to the daily incident exposure at SERC during Septem-
ber (Williamson and Neale, 2009). For the Day 1 results,  
we used the same measurements for the UV + microbial 
incubation and the senescent material microbial incubation  
due to evidence of microbial degradation during storage of 
the Day 1 sample of the UV + microbial incubation. More 
information is available in the Supplementary Material 
(S1). On Day 8, the Teflon bottles were removed from the 
UV exposure setup and sampled. About 40 mL of unfiltered 
leachate was transferred to a sample container; then, the 
Teflon bottles were stored in the dark incubation chamber  
at 20 °C until Day 15 when final sampling occurred.

The UV + microbial bottles were paired with a separate 
microbial-only incubation in bottles of equivalent volume 
which we term the “dark” control. For this incubation, three 
acid washed then combusted brown glass bottles were filled 
with 100 mL of leachate with added inoculum, incubated in 
a dark chamber at 20 °C and sampled on Days 1, 8, and 15, 
the same as the Teflon bottles. There was no attempt at a 
bacteria-free incubation as studies have shown that a minor, 
but still important, microbial component passes through the 
0.2 µm filters (Wang et al. 2007; Logozzo et al. 2021).

The design for the UV exposure/microbial incubation 
(based on Logozzo et al. 2021) differed from the microbial-
only incubation (based on Pinsonneault et al. 2016) because 
several characteristics of the latter approach made it unsuita-
ble for an irradiance treatment. Most importantly, the Mason  
jars used for the microbial incubation are not fully UV trans-
parent and the presence of the 4 filter halves that provide a sub-
strate for microbial growth would interfere with the irradiation.  
Moreover, samples from the UV exposed/dark incubations 
were not filtered before analysis in order to avoid filtration 
artifacts which can arise after UV exposure of DOM (cf. Lu 
et al. 2013). While bacteria were present in these samples, 
preliminary tests using un-irradiated material showed that 
their presence did not cause analytical artifacts (Lu et al. 
2013; Logozzo et al. 2021). Despite being unsuitable for an 
experiment with an irradiance treatment, the Pinsonneault 
et al. (2016) procedure was used for the microbial incubation 
for comparability with previous studies of biodegradability. 
The results of the microbial incubations are compared with 
the 100 mL dark bottle incubations to test for any effect of 
these methodological differences on the results.

Sample Analyses

Except for the DOC determinations on the initial leachate, 
all results reported are for the diluted material used in the 
incubations. The concentration of DOC was quantified using 

a Shimadzu TOC-L analyzer. Determinations followed the 
manufacturer’s recommended protocol for non-purgeable 
organic carbon based on calibration with potassium hydro-
gen phthalate. A 0- to 30-mg  L−1 calibration curve was used, 
and blanks and standards were run every ten samples. Tripli-
cate determinations were made on microbial incubation sam-
ples; duplicate determinations were run on UV exposed and 
dark control incubation samples so as to complete sample 
processing within 2 weeks. A Thermo Scientific Evolution 
220 UV–Vis Spectrophotometer was used to measure room 
temperature samples’ absorbance from 270 to 750 nm at a 
bandwidth of 2 nm. Duplicate scans were run for each sam-
ple, with DI blanks every 10 samples.  aCDOMλ was calculated 
from the optical density (OD) and path length  (lg, which for 
our measurements was 1 cm = 0.01 m):

The specific UV absorbance at 280 nm, or SUVA280, was 
estimated as the ratio of aCDOM280 divided by the concentra-
tion of DOC. SUVA has been shown to be a useful proxy 
for DOM aromatic content and molecular weight (e.g., Chin 
et al. 1994; Weishaar et al. 2003).

A SPEX-Horiba Fluoromax-3 was used to measure 
Excitation-Emission Matrices (EEMs), synchronous fluo-
rescence scans, and fluorescence indices (i.e. fluorescence 
index, freshness index, biological index, and humification 
index). Excitation intervals were 5 nm (240–600 nm), and 
emission intervals were 2 nm (250–600 nm). A DI EEM was 
measured for each set of sample EEMs; after the inner-filter 
corrections, the DI EEM was subtracted from the sample 
EEM which was then converted to Raman Units, using the 
area under the Raman scattering peak (excitation: 350 nm 
and emission: 318 to 427 nm). Fluorescence spectra were 
corrected for inner-filter effect and Raman scattering using 
the drEEM toolbox version 0.2.0 (Murphy et al. 2013) in 
MATLAB (v. 2019b). Parallel factor analysis (PARAFAC) 
was used to deconstruct the fluorescence signal into under-
lying fluorescence components, or fluorophores, that relate 
to differences in DOM composition (Murphy et al. 2013).

Statistics

Statistics were conducted using the Matlab statistics toolbox. 
The Levene test was used to test for equal variances, and the 
Jarque–Bera test was used to test for a normal distribution. 
If these tests were met, a t test was completed for all paired 
comparisons unless otherwise indicated. If not, the non- 
parametric Kruskal–Wallis test for differences in means 
of incubations was applied, the use of which is spe-
cifically noted in the text. The criterion for rejection of 
the null hypothesis was alpha = 0.05, adjusted by the 

aCDOM� = 2.303
OD

lg
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Bonferroni-Holm correction in cases of multiple species 
comparisons (Holm 1979). Tests were conducted using the 
means for each replicate incubation. Error is listed as stand-
ard deviation unless otherwise noted. Nonlinear regression 
models (time-series curve fits) were fitted to the concentra-
tion of DOC over the course of the incubation using an expo-
nential decay function, of the form a1exp(-kt) + a2, where t is 
time in days, and a1, k, and a2 are fitted parameters. Param-
eters and their variances were estimated using the Matlab 
fitnlm function. These rates of degradation between fresh 
and senescent plant leachates were compared using a t test. 
An ANOVA comparison followed by post hoc comparison 
(Tukey) was used to compare variables among species.

Results

Biodegradable DOC in Marsh Plant Leachates

The DOC concentration of the initial leachate, pre-dilution 
and pre-inoculum  ([DOC]0), was significantly greater for 
the senescent extracts as a whole, with an average (± SD) 
concentration of 77.9 ± 54.3 mg DOC  L−1, than the fresh 
extracts, which yielded 21.6 ± 11.8 mg DOC  L−1 on aver-
age (p = 0.0016, Kruskal–Wallis Test). This trend was also 
observed in paired comparisons of fresh and senescent lea-
chate for two of the four species in which both leachates 

were incubated, S. americanus and P. australis leaf, (t-test, 
p < 0.0001 with a Bonferroni-Holm adjusted alpha = 0.0125, 
and p < 0.0001, adjusted alpha = 0.0167, respectively). How-
ever, this relationship was not shown in the S. pumilus (t-test, 
p = 0.0317, adjusted alpha = 0.025) and T. angustifolia leaf 
(Kruskal–Wallis test, p = 0.0495) (Table 1; S2). The latter 
test did not meet the significance criterion as its rank order in 
the set of multiple comparisons follows the non-significant 
test of S. pumilus (Holm 1979).

Overall, fresh extracts showed the lowest amounts of 
DOC remaining at the end of the microbial (dark) incu-
bation (i.e., greatest loss of DOC) relative to the initial 
concentration (Fig. 2; Table 2; S3). The DOC consumed 
during microbial-only incubations is commonly referred 
to as percent biodegradable DOC or %BDOC. By the end 
of the incubation, the fresh material averaged 72.6 ± 19.2% 
BDOC which is significantly greater than the %BDOC 
of senescent material which averaged 50.5 ± 9.45% 
(p = 0.0320). Again, %BDOC was also significantly 
greater for fresh material in paired comparisons for all 
four species in which both fresh and senescent leachates 
were incubated, being higher in fresh leachates by 25.5% 
for S. americanus, 23.2% for S. pumilus, 21.2% for P. aus-
tralis leaf, and 47.8% for T. angustifolia leaf (p = 0.0014, 
p = 0.0033, p = 0.0006, p < 0.0001, respectively, and mini-
mum adjusted alpha = 0.0125; Table 1). For all species, 
the concentration progressively decreased for roughly the 

Table 1  Initial  [DOC]0 (pre-dilution), %BDOC, SUVA280 at Day 1, a300 at Day 1, and rate of degradation of extracts in microbial incubations, 
mean ± standard deviation

Bolded pairs indicate rejection of the null hypothesis of the t-test  for paired comparisons of fresh vs senescent of the same species with α = 
0.05, adjusted by the Bonferroni-Holm correction. a300 was omitted from paired comparisons because differences are determined, in part, by 
varying leachate dilution (see text). An expanded table with p-values is available in the Supplementary Material (S2)
*p-value of the paired comparison was calculated with Kruskal Wallis test instead of a t-test
a Standard error from curve fit

Samples [DOC]0 (mg  L−1) BDOC (%) SUVA280 (L 
 mgDOC−1  m−1)

a300  (m−1) Rate of  Degradationa  (day−1)

H. moschuetos leaf fresh 21.1 ± 10.5 82.4 ± 0.85 0.752 ± 0.010 11.4 ± 0.043 0.06578 ± 0.0095
H. moschuetos stem fresh 6.60 ± 1.9 69.7 ± 1.1 1.01 ± 0.015 7.22 ± 0.062 0.312 ± 0.016
I. frutescens leaf senescent 155 ± 1.1 58.9 ± 2.8 4.61 ± 0.091 76.7 ± 1.4 0.235 ± 0.028
N. lutea leaf fresh 13.7 ± 4.8 86.1 ± 0.63 0.640 ± 0.0090 9.29 ± 0.067 0.0723 ± 0.0059
N. lutea stem fresh 41.6 ± 4.3 80.8 ± 0.42 0.226 ± 0.00096 2.85 ± 0.030 0.0845 ± 0.0096
P. australis leaf fresh 41.9 ± 4.3 80.0 ± 2.3 0.518 ± 0.010 7.33 ± 0.027 0.0758 ± 0.0077
P. australis leaf senescent 108 ± 2.7 58.8 ± 2.0 3.27 ± 0.12 51.9 ± 0.53 0.448 ± 0.060
P. australis stem fresh 12.5 ± 2.0 75.4 ± 1.1 0.660 ± 0.0091 7.42 ± 0.090 0.154 ± 0.011
S. americanus fresh 21.1 ± 3.4 72.7 ± 0.86 1.45 ± 0.018 20.0 ± 0.030 0.0776 ± 0.0048
S. americanus senescent 69.2 ± 0.56 47.2 ± 4.5 3.97 ± 0.018 52.9 ± 0.40 0.332 ± 0.051
S. pumilus fresh 15.9 ± 2.3 74.5 ± 2.3 2.06 ± 0.024 30.2 ± 0.044 0.428 ± 0.020
S. pumilus senescent 21.3 ± 0.37 51.3 ± 4.7 3.40 ± 0.14 51.8 ± 0.20 0.564 ± 0.10
T. angustifolia leaf fresh 16.1 ± 4.9* 83.9 ± 0.76 0.589 ± 0.0076* 8.51 ± 0.15 0.0664 ± 0.0083
T. angustifolia leaf senescent 36.6 ± 0.70* 36.1 ± 3.3 3.23 ± 0.13* 51.1 ± 0.36 0.368 ± 0.078
T. angustifolia stem fresh 25.8 ± 5.0 20.1 ± 4.9 0.858 ± 0.0059 8.88 ± 0.038 0.276 ± 0.083
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Fig. 2  Percentage of DOC 
remaining in solution over the 
course of the 42- and 56-day 
incubations for a S. americanus, 
b S. pumilus, c T. angustifolia 
leaf, d T. angustifolia stem, e 
P. australis leaf, f P. australis 
stem, g H. moscheutos leaf, h 
H. moscheutos stem, i N. lutea 
leaf, j N. lutea stem, and k I. 
frutescens leaf. Each data point 
represents an average of the 
triplicate incubations. Trian-
gles represent the fresh cutting 
extract data, circles represent 
the senescent cutting extract 
data, and error bars are standard 
deviation. In many cases, error 
bars are smaller than symbol. 
Lines represent fitted exponen-
tial decay models, which were 
fitted over the entire incubation. 
View Table 2 for associated 
R-squared values
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first week of the incubation then approached a plateau. The 
lack of further decline showed that the material became 
more refractory during the incubation. In paired compari-
sons of the time series curve fits, the senescent material for 
three species had a more than fourfold greater rate of deg-
radation than fresh material (S. americanus, p < 0.0001; P. 
australis, p < 0.0001; T. angustifolia, p = 0.0006; minimum 
adjusted alpha = 0.0125; Table 1); thus, for these species, 
the labile DOC sourced from the senescent material was 
consumed faster, even if a smaller fraction overall was 
labile. However, recall that the  [DOC]0 of senescent mate-
rial extracts was greater than fresh material extracts. When 
the incubation %BDOC is applied to the original (undi-
luted) extract, the absolute amount of BDOC (mg  L−1) was 

actually greater than in fresh extracts for two species (S. 
americanus and P. australis) of the four compared (Fig. 3).

Changes in Marsh Plant CDOM Absorption 
Properties

The average Day 1 SUVA280 additionally varied signifi-
cantly (p < 0.0001) between the fresh and senescent material, 
0.88 ± 0.53 L (mg DOC) −1  m−1 and 3.69 ± 0.59 L (mg DOC) 
−1  m−1, respectively. This trend was also observed in all four 
of the species with both fresh and senescent leachates (S. 
americanus, p < 0.0001 and adjusted alpha = 0.0167; S. 
pumilus, p = 0.0002 and adjusted alpha = 0.025; P. austra-
lis, p < 0.0001 and adjusted alpha = 0.0125; T. angustifolia, 
p = 0.0495 (Kruskal–Wallis Test) and adjusted alpha = 0.05; 
Table 1). Day 1 absorbance at 300 nm (a300) was not com-
pared between the fresh and senescent material or between 
species as each leachate had a different dilution factor; 
however, the senescent material did have significantly 
more %a300 remaining compared to the fresh material 
(90.1 ± 10.8% and 83.3 ± 26.7%, respectively, p = 0.0183, 
Kruskal–Wallis Test). Given the possibility that optical prop-
erties could be affected by dilution (the factor being 10 or 
greater in some cases), we did not estimate a300 in the undi-
luted leachate. However even with the dilution, given the 
higher SUVA280, the absorbance of senescent material was 
consistently higher than that of the fresh material (Fig. 4). 
Additionally, as apparent in Fig. 4, our Day 1 absorbance 
spectra contain many deviations from the simple exponential 
fit that is often used to determine spectral slope and slope 
ratios; thus, we are not including this information in our 
results. These Day 1 spectra frequently contain offsets from 
the exponential shape which peak around 275 and 320 nm. 
Absorbance spectra from the end of the microbial-only incu-
bations more closely fit an exponential model. While the 

Table 2  R-squared values for the fitted exponential decay models 
shown in Fig. 2. Plot is the associated plot in Fig. 2

Species Incubation Type Plot R-squared

S. americanus Fresh a 0.993
S. americanus Senescent a 0.951
S. pumilus Fresh b 0.995
S. pumilus Senescent b 0.975
T. angustifolia leaf Fresh c 0.975
T. angustifolia leaf Senescent c 0.921
T. angustifolia stem Fresh d 0.835
P. australis leaf Fresh e 0.982
P. australis leaf Senescent e 0.975
P. australis stem Fresh f 0.990
H. moscheutos leaf Fresh g 0.967
H. moscheutos stem Fresh h 0.994
N. lutea leaf Fresh i 0.989
N. lutea stem Fresh j 0.977
I. frutescens leaf Senescent k 0.961

Fig. 3  Biodegradable DOC, i.e., 
the total amount of extracted 
DOC that was labile by each 
species, representing the aver-
age of triplicate incubations. 
BDOC is  [DOC]0 (pre-dilution) 
multiplied by %BDOC. Black 
represents the fresh material, 
while medium grey represents 
the senescent material. a dis-
plays species where fresh and 
senescent material were incu-
bated, while b displays species 
where either fresh or senescent 
material was incubated. Error 
bars are standard deviation
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UV exposed + microbial incubation exhibits further devia-
tion from the microbial-only incubation, this change was not 
recorded here using the slope ratio (Helms et al. 2008), as 
the slope ratio was not applicable to our initial curves. Quali-
tatively, it can be seen that over the incubation the propor-
tion of long-wavelength absorbance increased, which is con-
sistent with a decrease in spectral slope over time (Fig. 4). 
This trend was quantitatively confirmed when the curves 
were fit to an exploratory model containing both exponential 
and Gaussian components (available in the Supplementary 
Material; S4). The decrease in slope in the microbial-only 
incubations indicates that the material is being enriched with 
more aromatic, high molecular weight material.

[DOC]0, %BDOC, and SUVA280 all varied between 
species. Full results of the ANOVA analysis are included 
in the Supplementary Material (S5). For the fresh material, 
differences in %BDOC among species and between stem 
and leaf material in the same species were generally < 10% 
(27 of 45 comparisons). Extracts from leaves tended to 
have more %BDOC than that from stems of the same 

species but the difference was small (4–13%). The stem 
extract of T. angustifolia was the notable exception, having 
the least %BDOC of all fresh extracts (difference ≥ 50% for 
all comparisons, p < 0.0001). Otherwise, the differences 
were greatest for the dicot species, H. moscheutos, with 
%BDOC of the leaf extract greater by 13% compared to its 
stem extract (p = 0.0001) and greater by 16% than N. lutea 
leaf extract (p < 0.0001). Differences in  [DOC]0 for fresh 
material were generally within the variability of the data 
(28 of 45 comparisons, p = 0.16 to 1.00). For the remain-
ing comparisons, difference in  [DOC]0 were in the range 
20–35 mg  L−1 ( p ≤ 0.001 in 9 cases); however, there was 
no obvious pattern of stem vs leaf or monocots vs dicots 
(S5, Fresh DOC0). Contrary to DOC, SUVA280 varied 
among almost all species in the fresh incubation (40 of 
45 comparisons, difference 0.1 to 1.8 L (mg DOC)−1  m−1, 
p < 0.0001). This suggests that while the quantity of DOC 
and %BDOC in extracts from fresh material stays rela-
tively similar with different marsh compositions, there are 
differences in DOC quality.

Fig. 4  Absorbance spectra for 
a Day 1 and b the final day 
of the incubation. Solid lines 
represent the fresh cutting 
extract incubation, which 
ended at Day 56; dashed lines 
represent the senescent extract 
incubation, which ended at Day 
42; and dotted lines represent 
the UV + microbial incubation, 
which ended at Day 15
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For the senescent material,  [DOC]0 varied among all spe-
cies, with the paired differences ranging from 32 to 133 mg 
 L−1 (p < 0.0001), except for the difference between T. angus-
tifolia and S. pumilus extracts (15 mg  L−1, p < 0.0001). I. 
frutescens leaf extract was 47 to 133 mg  L−1 greater than the 
other extracts. %BDOC was notably less for T. angustifolia 
leaf extract compared to the I. frutescens, P. australis, and 
S. pumilus extracts (lower by > 15%, p = 0.012 to 0.006). In 
other comparisons, the difference in %BDOC was < 11.7% 
(p > 0.05). Lastly, SUVA280 was somewhat variable among 
extracts of senescent material. I. frutescens had the highest 
(4.61 ± 0.09 L (mg DOC)−1  m−1) which was 0.64 higher than 
S. americanus (p = 0.001) and more than 1.00 higher than 
other extracts (p < 0.0001). On the other hand, SUVA280 
was similar for T. angustifolia, P. australis, and S. pumilus 
extracts (range 3.2 to 3.4 L (mg DOC)−1  m−1, p > 0.56).

The time course of a300 values in the microbial-only 
incubations followed a similar trend to [DOC]; the percent 
remaining as compared to the Day 1 a300 values progres-
sively decreased for roughly the first week of the incubation 
and then plateaued (Fig. 5). Percent a300 remaining pla-
teaued at a higher value than the percent DOC remaining, 
which indicates that the non-chromophoric was more labile 
than the chromophoric fraction of the DOC. For some spe-
cies, a300 increases at the end of the incubation indicating 
some microbial production of CDOM (Fig. 5).

The UV exposure portion of this experiment was con-
ducted with senescent materials. As a preliminary to com-
paring the results of the UV + microbial and microbial incu-
bations, we first compare results of the dark (microbial-only) 
control for the UV + microbial experiment to senescent 
results of the microbial-only incubations. Figure 6 compares 
the primary microbial-only incubation with the dark control 
incubation by displaying percent a300 and DOC remaining 
at Days 8, 14, and 15. While the microbial incubation and 
dark control of the UV + microbial incubation saw different 
rates of degradation (Day 8 values are higher in some of 
the microbial incubations), the overall change is similar by 
Days 14 and 15. Differences between the primary microbial 
incubation (Day 14) and the dark control (Day 15) were not 
significant, p > 0.05 in paired comparison t-tests for all spe-
cies except S. pumilus p = 0.035 which does not meet the 
Bonferroni-Holm adjusted alpha = 0.01. Full results from 
the dark control are available in the Supplementary Mate-
rial (S1). These results indicate that there was little effect of 
volume or filter presence on the ultimate effect of microbial 
degradation.

The UV + microbial incubation was irradiated for 8 days, 
then kept in the dark for another week. This approach was 
used to test the hypothesis that prior photodegradation 
enhances subsequent microbial degradation. As far as 
%BDOC, this hypothesis was not supported as there was no 

Fig. 5  Percentage of DOC 
remaining in solution and per-
centage of a300 remaining over 
the course of the 15- and 42-day 
incubations for a I. frutescens 
leaf, b P. australis leaf, c S. 
americanus, d S. pumilus, and e 
T. angustifolia leaf. Solid lines 
represent percent remaining 
DOC, whereas dashed lines 
represent percent remaining 
a300. Circles represent the 
microbial-only senescent cutting 
extract data, squares represent 
UV + microbial incubation, and 
error bars are standard devia-
tion. Each point represents an 
average of triplicates
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consistent difference in the percent DOC remaining between 
the UV + microbial exposed on Day 15 and microbial incu-
bations at Day 14 (Fig. 5). However, a300 remaining for 
the UV + microbial incubations (74.9 ± 4.57%) are consist-
ently lower than the values for the regular senescent dark 
incubation (87.7 ± 5.70%, p < 0.0001) at Day 8, indicating 
that CDOM in the leachates was photobleached (Fig. 5). 
Absorbance in the UV + microbial incubations continued to 
decrease during the second week of dark incubation follow-
ing UV exposure (67.0 ± 7.35% for UV + microbial incuba-
tion and 86.0 ± 5.23% for senescent incubation at Days 14 
and 15, p < 0.0001). During the same period, there was little 
change in absorbance in the microbial-only incubation. This 
demonstrates that UV exposure mediates CDOM degrada-
tion not only by photobleaching but also by enhancing sub-
sequent microbial degradation of CDOM.

While there is no consistent trend, SUVA280 values 
generally did increase over time during the fresh, senes-
cent, and UV + microbial incubations (Fig. 7). This trend 
results from the greater decrease in DOC than absorb-
ance during the incubations (cf. Figure 5). The change in 
SUVA280 does vary significantly between the fresh and 
senescent material (p = 0.0016). In addition, the senescent 

material microbial-only incubation saw a significantly 
greater increase in SUVA280 than the UV exposed incuba-
tion (p < 0.0001) during which absorbance decreased due to 
photobleaching.

Changes in Marsh Plant CDOM Fluorescence 
Signature

Synchronous fluorescence, fluorescence indices and EEMs 
of the plant leachates were measured; however, only the 
EEMs are presented this report. The other measurements 
are included in the supplemental information (Table S1). A 
PARAFAC analysis was completed using the whole EEMs 
data set (n = 137). A four-component model was fit and 
passed the split validation procedure as conducted by the 
drEEM toolbox (Tucker Congruence Coefficient > 0.95, for 
all six paired comparisons). A single PARAFAC model 
was fit for the whole data set so that we could directly 
compare scores for fresh and senescent material from 
the same species. After being compared with the Open-
Fluor database (Murphy et al. 2014), each component was 
assigned an identity (Fig. 8; Table 3). The three best fit-
ting models are listed for each component, with decreasing 

Fig. 6  Comparison of the 
senescent microbial incuba-
tion and the dark control of the 
UV + microbial incubation, 
representing the average of 
triplicate incubations. a Percent 
DOC remaining at Day 8 and 
Day 14, for the microbial incu-
bation, and Day 15, the final day 
of the UV incubation. b Percent 
absorbance remaining at Day 8 
and Days 14 and 15. Dark grey 
represents the microbial incuba-
tion, and light grey represents 
the dark control for the UV 
exposed incubation. Unbolded 
is the Day 8 data, while bolded 
is the Days 14 and 15 data. 
Error bars represent standard 
deviation. In some cases, error 
bars are smaller than border 
width
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Tucker’s Congruence Coefficient. Component 1 (C1) is 
“UV humic”(Walker et al. 2013; Søndergaard et al. 2003; 
Murphy et al. 2008). Component 2 (C2) is “protein-like” 
or “tryptophan-like” fluorescence (Cawley et al. 2012; 
Yamashita et al. 2010b, 2010a) indicative of intact proteins 
or less degraded peptide material (Fellman et al. 2010). 
Component 3 (C3) is “Vis humic” (Yamashita et al. 2011; 
Garcia et al. 2015; Peleato et al. 2017). Component 4 (C4) 
is “protein-like,” similar to “tyrosine-like″ fluorescence 
(D’Andrilli et al. 2019; Chen et al. 2018; Kowalczuk et al. 
2013) and indicative of more degraded peptide material 
(Fellman et al. 2010). Broader nomenclature within the 
OpenFluor database typically classifies humics as terres-
trial or marine. Since this is not a relevant classification for 
plant leachates, we used here the nomenclature in Logozzo 
et al. (2021), in which marine humics are “UV humic” and 
terrestrial humics are “Visible humic.” For the fresh mate-
rial extracts, C2 makes up the largest percent contribution 
to the PARAFAC components at Day 1 (37.5 ± 13.7%), 
followed by C1 (34.4 ± 11.6%), C4 (22.4 ± 15.4%), and C3 
(5.71 ± 9.0%), with the smallest percent contribution. For 
the senescent material extracts, C1 has the greatest per-
cent contribution on average (45.1 ± 11.4%), followed by 
C2 (29.9 ± 6.7%), C3 (13.8 ± 1.7%), and C4 (11.1 ± 5.8%), 
with the smallest percent contribution. Thus, the senescent 

material extracts have a greater contribution of the humic 
components.

Normalized to DOC concentration (i.e., component 
score divided by DOC concentration) and compared 
to fresh material, the senescent material extract had 

Fig. 7  Change in SUVA280 over the incubations for a species where 
only senescent material (Iva frutescens) or both fresh and senescent 
material were incubated and b for species where only fresh material 
was incubated. Black represents the change for the incubated fresh 
material (56 days), dark grey represents the change for the incubated 

senescent material (42 days), and light grey represents the change for 
the UV exposed material (15  days). The change in SUVA280 was 
calculated for each incubation individually; the graph represents the 
average of triplicate incubations, and error bars are the standard devi-
ation

Fig. 8  Excitation/emission maps of each component from the PARA-
FAC Analysis
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significantly greater component values at Day 1 for C1 
(normalized score of 0.0323 ± 0.0248 for fresh material 
and 0.101 ± 0.0314 for senescent material; p = 0.0004),  
C2 (normalized score of 0.0287 ± 0.0133 for fresh material 
and 0.0674 ± 0.0174 for senescent material; p = 0.0004), 
and C3 (normalized score of 0.00356 ± 0.00485 for 
fresh material and 0.0314 ± 0.00709 for senescent mate-
rial; p = 0.0006). C4 did not vary significantly between 
fresh and senescent material (normalized scores of 
0.0194 ± 0.0196 and 0.0245 ± 0.0129, respectively; 
p = 0.221, (Kruskal–Wallis Test)).

For the fresh, senescent, and UV + microbial extract 
incubations, C1 and C2 consistently decreased, while C3 
and C4 were more variable (Fig. 9). This indicates that 
protein-like (tryptophan-like) and UV humic material 
tended to be more labile. While C2 was the most labile 
component, on average, for the microbial-only incubations 
(Fig. 9b), exposure to UV light dramatically increased the 
loss of C1 (Fig. 9c). When comparing the general percent 
loss of components over the incubation, we focused on C1 
and C2 as they consistently decreased and made up the 
largest percent contribution. In Fig. 9d, we display the per-
cent loss of C1 and C2 and %BDOC averaged among the 
incubation types (fresh material extract, senescent material 
extract, and UV exposed); C1 clearly decreases the most 
for the UV + microbial incubation while C2 tracks more 
closely to %BDOC.

Given that previous studies reported correlations 
between leachate fluorescence components and biodeg-
radability (e.g., Pinsonneault et  al. 2016), we exam-
ined the relationship between f luorescence compo-
nents  normalized to (DOC) at Day 1 and the %BDOC 
in both fresh and senescent microbial-only incubations 
as well as UV + microbial and dark control incubations 
(Fig.  10). %BDOC was not substantially different for  
the UV + microbial incubations compared to the  
microbial-only senescent incubations, and %BDOC at Day 15  
approximates the final %BDOC value for the senescent 
data. Out of all of the components, the humic components, 
C1 and C3, show the strongest relationship with %BDOC 
with an inverse correlation. There is also a clear distinc-
tion between the fresh material and senescent material in 
the DOC-specific content of both C1 and C3 as well as in 
%BDOC.

Discussion

This study highlights key patterns in the biodegradation and 
photodegradation of DOM in leachates from Chesapeake 
Bay wetland plants. Two of our three initial hypotheses 
were supported. We found that senescent material leached 
more DOM than fresh material, in accordance with the “fall 
dump” hypothesis, and that DOM became more refrac-
tory in all incubations throughout the degradation process. 
However, the UV + microbial exposed material did not 
become more labile as we had hypothesized, even though 
UV + microbial exposure did impact CDOM absorbance 
and which fluorescence components were transformed com-
pared to microbial exposure alone. Additional key takeaways 
include the following: there are clear differences between 
the fresh and senescent plant material in character of DOM 
extracts, and %BDOC in marsh plant leachates is greater 
than previously observed in bulk DOM exported at low tide 
(cf. Logozzo et al. 2021).

Amount and Characteristics of DOM in Leachates 
from Marsh Plants

As  [DOC]0 for the senescent material was significantly 
greater than  [DOC]0 for the fresh material for all compared 
species, our study supports the fall dump hypothesis, in 
which more DOC is leached during the senescent period 
of plants in the fall (Qi et al. 2017; Schiebel et al. 2018). 
Tzortziou et al. (2008), Osburn et al. (2015), and Logozzo 
et al. (2021) found that DOM concentrations in water drain-
ing tidal marshes peaked during the late summer-early fall 
(i.e., July to September in Tzortziou et al. 2008). Altogether, 
these studies show that several factors impact export of DOC 
from tidal marshes including DOC leaching, precipitation, 
and degradation of organic material.

While Pinsonneault et al. (2016) focuses on a cool tem-
perate bog instead of a tidal marsh ecosystem, their results 
still serve as an interesting comparison given how closely the 
methodologies align. Pinsonneault et al. (2016) found that 
fresh cuttings had greater  [DOC]0 than peat and litter extracts. 
However, they collected plant litter in traps on the bog surface, 
in which the litter would have been subject to surface condi-
tions, and thus potential transformation, for days to weeks, 
while in our study, senescent material was directly collected 

Table 3  Identification of 
each fluorescence component 
isolated through PARAFAC 
analysis using the OpenFluor 
database (Murphy et al. 2014)

Component Excitation Max (nm) Emission Max 
(nm)

Identification

1  < 250, 305 430 UV Humic Walker et al. (2013)
2 275 334 protein-like Cawley et al. (2012)
3 250, 370 470 Vis Humic Yamashita et al. (2011)
4 270 274 protein-like D’Andrilli et al. (2019)
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from the marsh plants. Similar to Pinsonneault et al. (2016), 
which found that SUVA254 was greater in litter extracts than 
fresh material extracts, SUVA280 was significantly greater in 
the senescent material extracts, indicating that these extracts 

had a greater contribution of aromatic material. While 
SUVA280 and SUVA254 use different wavelengths, both are 
a measure of the aromatic content of CDOM (Chin et al. 1994; 
Weishaar et al. 2003; Hansen et al. 2016).

Fig. 9  Change in scores of PARAFAC components over the duration 
of the incubations for a the 56-day incubation using fresh material 
extracts, b the 42-day incubation using senescent material extracts, 
and c the UV + microbial 14 day incubation; no error is provided as 
values were derived from the PARAFAC model. d demonstrates the 
average %BDOC and average percent loss of Components 1 and 2 

over the incubation for the fresh, senescent, and UV + microbial incu-
bations; error is standard deviation. Black represents C1, dark grey 
represents C2, light grey represents C3, white represents C4, and 
bolded white represents BDOC. Note in panel d that only BDOC, C1, 
and C2 are depicted

1337Estuaries and Coasts  (2022) 45:1324–1342



Within the fresh material, all of the different species 
had similar  [DOC]0 and %BDOC. Also, %BDOC did 
not differ substantially between leaf and stem extracts, 
except for Typha. Thus, species diversity within marshes 
may not have a substantial impact on DOC concentra-
tions or BDOC during the growing season. In contrast, 
the  [DOC]0 of senescent material did vary between spe-
cies, indicating that during the senescence season, marsh 
plant species composition can impact DOC stocks in the 
system. The significant variability in SUVA280 across all 
species suggests that differences in marsh plant species 
composition would impact the molecular weight and aro-
maticity of DOC leaching to the system. DOM in different 
molecular weight size fractions has been shown to sup-
port different microbial communities (Covert and Moran, 
2001) and is utilized in different amounts with varying 
amounts of bacterial growth and respiration (Kaplan and 
Bott 1983; Meyer et al. 1987; Amon and Benner 1994, 
1996; Hopkinson et al. 1998), and thus a change in DOM 

composition due to a change in predominant plant spe-
cies may cause changes in aquatic microbial communities. 
However, the level of DOM degradation may also be a 
key factor in what microbial communities are supported 
(Hopkinson et al. 1998).

We found that the senescent material has a larger con-
tribution of humic components as a percent of the total or 
per unit DOC compared to fresh leachate. The prominence 
of the protein-like component C2 in the leachates distin-
guishes the leachate CDOM from CDOM collected from 
water draining these tidal marshes, in which the contribu-
tion of protein-like component is typically small (Logozzo 
et al. 2021). In addition to C2, the leachates had a second-
ary, less labile, protein-like component, C4, with a simi-
lar spectral signature to the protein-like component found 
in tidal marsh surface water (Logozzo et al. 2021). The 
shorter wavelength fluorescence emission (304–312 nm) 
of C4 is similar to “tyrosine-like″ fluorescence and thus 
is most likely associated with more degraded, and less 

Fig. 10  %BDOC compared to PARAFAC component scores normal-
ized to [DOC] at Day 1, where a is Component 1, b is Component 
2, c is Component 3, and d is Component 4. Triangles represent the 
fresh incubation (Day 56), circles represent the senescent microbial-

only incubation (Day 42), squares represent the dark control incuba-
tion (Day 15), and diamonds represent the UV + microbial incubation 
(Day 15). The fresh T. angustifolia stem was excluded from the linear 
regression as it is an outlier, and the number displayed is R-squared
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bioavailable, material (Fellman et  al. 2010; Hotchkiss 
et al. 2014; Pinsonneault et al. 2016). The Pinsonneault 
et al. (2016) peat study similarly had a minor protein-like 
component; however, they also found a greater percent 
contribution of protein-like components in the fresh mate-
rial, which drove a positive relationship between percent 
protein-like material and BDOC.

Bioavailability of Marsh Plant DOM

Compared to the bulk DOM (derived from plants and soil) 
exported from marshes at low tide (Logozzo et al. 2021), 
the fresh and senescent plant leachate incubations exhibited 
a much larger %BDOC. Bulk DOM exported from marshes 
in the Chesapeake Bay including Kirkpatrick Marsh and Jug 
Bay wetlands averaged 5.5% BDOC in a 14 day microbial-
only incubation (Logozzo et al. 2021), while in our study, 
most microbial-only incubations exhibited a %BDOC greater 
than 50% by Day 14.

Although DOM from senescent marsh plant material 
had higher initial [DOC], it was consistently characterized 
by lower bioavailability than DOM in fresh plant leachate, 
suggesting previous degradation in the field. Fellman et al. 
(2013) similarly found that %BDOC decreased with litter 
age, but total BDOC was independent of litter age, and 
in Pinsonneault et al. (2016), the fresh material extract 
had a higher %BDOC than the peat and litter extracts. 
Wiegner and Seitzinger (2004) found that DOC had the 
greatest bioavailability in the spring, which they attrib-
uted to freeze/thaw cycles. Similar to our results, Wang 
et al. (2014) found that senescent material tended to have 
a lower %BDOC than the fresh material and also found 
greater degradation rates towards the beginning of the 
incubation.

Along with other studies (Hansen et al. 2016; Pinsonneault 
et al. 2016), our SUVA280 values (a proxy for molecular 
weight and aromaticity) increased throughout the incubation, 
suggesting that by the end of the incubation high molecular 
weight, more aromatic compounds constitute a larger frac-
tion of DOM. This is consistent with the observed increase in 
relative contribution of longer wavelength absorbance.

Conversely, increases in SUVA280 indicate the preferen-
tial degradation of non-chromophoric material. This is also 
shown in the time courses of the microbial-only incubations, 
in which there was a relatively small percent loss of absorb-
ance at 300 nm compared to percent loss of DOC (Fig. 5). 
In some species the loss was followed by a small gain in 
absorbance suggesting microbial production of CDOM and/
or transformation of non-chromophoric to chromophoric 
DOM as has been reported for estuarine DOM (Logozzo 
et al. 2021).

Impacts of UV Exposure on Bioavailability of Marsh 
Plant DOM

The UV + microbial incubation tracked relatively closely to 
the DOC degradation patterns found in the microbial-only 
incubation of the senescent material (Fig. 5). This suggests 
that UV exposure has little effect on the microbial lability of 
DOC in plant leachates, but this should be examined further 
using increased intensity or longer exposure times. Exposure 
duration and intensity in the present experiment were lim-
ited by container size and lamp output, and were consider-
ably lower than other studies that found that UV exposure of 
DOC from streams and tidal marsh surface water increased 
overall lability to microbial degradation (Moran et al. 2000; 
Vähätalo and Wetzel 2008; Lu et al. 2013; Logozzo et al. 
2021). Fellman et al. (2013) also did not observe any signifi-
cant change in %BDOC with UV exposure (using a UV-B 
bandwidth lamp) for fresh and 2 month old leaf litter, even 
though they saw an increase in %BDOC in 4 and 6 month 
old litter.

While there was not a clear difference in DOC remain-
ing between the UV + microbial incubation at Day 15 and 
the microbial-only incubation at Day 14, the UV + microbial 
incubation had a significantly larger decrease in a300; thus, 
photodegradation was the dominant process transforming 
CDOM. Component 1 of the PARAFAC analysis also had a 
larger decrease in comparison to the senescent microbial-only 
incubation, further suggesting that photobleaching plays an 
important role in DOM transformation during the combined 
microbial-photodegradation incubations (Logozzo et  al. 
2021). In addition, a300 in the UV + microbial incubation 
continued to decrease between Days 7 and 15 even though the 
microbial incubation had almost no change, which suggests 
that the photoexposure did make the material more labile 
(as compared to the microbial-only senescent incubation) to 
microbially mediated changes that affected absorbance and 
fluorescence while DOC concentrations remained largely 
the same. This could indicate that the molecular weight was 
decreasing (Helms et al. 2008).

A substantial loss of most of the fluorescent components 
was found during all incubations of DOM from marsh plant 
leachates, in both microbial and UV + microbial incuba-
tions. Logozzo et al. (2021) found that microbial process-
ing resulted in minor changes (< ± 10%) in the fluorescence 
components in bulk (i.e., derived from marsh plants and soil) 
DOM exported from tidal marshes at low tide, with small 
increases for material from Kirkpatrick marsh while most 
fluorescent components decreased in bulk DOM exported 
from the Jug Bay marshes. Increases of > 10% occurred in 
material pre-exposed to UV for both Kirkpatrick and Jug 
Bay marshes. Rather than microbial production of fluores-
cence components from marsh-exported DOM, which could 
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be by transformation of non-chromophoric to chromophoric 
organic matter (Rochelle-Newall and Fisher 2002), our 
results for marsh plant leachates indicate an overall decrease 
in all fluorescent components.

Given the inverse relationship between %BDOC and 
DOC-normalized fluorescence components, a lower con-
tent of fluorescent material in the plant leachates is associ-
ated with greater long-term biodegradability. The inverse 
correlation between the content of humic components (C1 
and C3) and %BDOC and distinction between fresh and 
senescent material (Fig. 10) demonstrates that DOM with a 
higher fraction of humic components tends to have a lower 
%BDOC, and that extracts from senescent material tend to 
be more humic. Thus, it is suggested that humic material 
is less labile. Supporting this idea, multiple studies have 
found that protein-like components are preferentially and 
rapidly degraded (Wickland et al. 2007; Wang et al. 2014; 
Qi et al. 2017). As a result, the labile protein-like compo-
nent we observed in marsh plant leachates is expected to 
be considerably degraded (and thus in very small amounts) 
in water draining the marshes. Given enough time, photo-
chemical and microbial processing can synergistically com-
pletely mineralize at least some forms of wetland derived 
DOM (Vähätalo and Wetzel 2008), with our incubations 
suggesting that UV exposure enhances the microbial deg-
radation of the UV-humic fluorescent component in marsh 
plant leachates.

Conclusion

Ultimately, there were distinctions between the leachates 
sourced from fresh and senescent dissolved organic material, 
and UV exposure impacted how degradation occurred. The 
senescent material leached a greater concentration of DOC 
and a greater total of biodegradable DOC despite having a 
smaller, more labile, fraction of BDOC. The senescent mate-
rial also had greater high molecular weight contributions. 
Due to these distinctions between the fresh and senescent 
material, DOM quality and quantity may also shift season-
ally as climate change impacts some triggers of senescence, 
such as autumn temperatures, drought, and frost events. 
However, some species may not be as susceptible to cli-
mactic changes as the timing of their senescence depends 
on photoperiod (Gallinat et al. 2015).

The senescent material had a greater contribution of humic- 
like components, which were less degradable than the  
protein-like components. Even though it did not affect %BDOC, 
UV + microbial incubations did increase the degradability of 
the humic-like components. These findings demonstrate that 
UV exposure does impact the degradation of leachate DOM 
differently than microbes. When comparing between species, 
changes in marsh plant species composition can lead to changes 

in DOM composition and degradation of released leachates, 
even if the DOC concentration is relatively similar. Quantifying 
the impact of anthropogenic disturbances, climate change, and 
environmental conditions on vegetation characteristics and bio-
diversity in tidal wetlands is, thus, key in further understanding 
the role of these systems in coastal carbon budgets and cycles.
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