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Abstract
Terrestrial organic matter (TOM) exported to nearshore marine regions may be altered by drought or large amounts of precip-
itation. We examined how significant precipitation in southern California during the winter seasons of 2015 and 2016, following
a prolonged drought from 2011 to 2015, impacted the quantity and quality of TOM transported to nearshore kelp forests of the
Santa Barbara Channel. Based on organic matter content, lignin oxidation by-products, and carbon isotopic signatures, bio-
markers of TOM were detected in stream, estuarine, and marine sediments. Quantitative measures of lignin differentiated
between the three environments. Qualitative lignin signatures revealed temporal patterns that appeared in stream, estuarine,
and marine sediment. These patterns indicated that TOM delivered into nearshore coastal regions from mountain watersheds
was less degraded over time and its source material changed through time. Our findings suggest lignin oxidation compounds can
be used as biomarkers of TOM transported during storm events from coastal watersheds into nearshore marine sediment.
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Introduction

The land-ocean boundary is a biogeochemically active
region where terrestrial organic matter (TOM) is
transported from upland areas to nearshore marine envi-
ronments (Billen et al. 1991). This TOM may be
remineralized and provide a nutrient source to primary
producers in coastal ecosystems (Opsahl and Benner
1997), such as kelp forests, or be buried in marine sedi-
ments (Burdige 2005). TOM transport into nearshore ma-
rine areas is a function of landscape and climate (Onstad
et al. 2000). Increased agricultural and urban development
may alter both the quantities and sources of TOM while

storms and extended droughts may alter sources and ex-
port of TOM to the ocean (Godin et al. 2017; Masson-
Delmotte et al. 2018).

To trace the transport and processing of TOM in coastal
environments, lignin can be used as a biomarker to provide a
fingerprint of TOM source material. Lignin is composed of
structural polymers found in vascular plants and is resistant to
degradation relative to other organic compounds (Hedges and
Mann 1979a). Degradation of lignin by chemical and physical
processes and microbial remineralization depends on environ-
mental conditions such as oxygen and light availability
(Opsahl and Benner 1995; Thevenot et al. 2010). Lignin ox-
idation compounds that result from cupric oxide (CuO) oxi-
dation (Hedges and Mann 1979a; Louchouarn et al. 2000;
Moingt et al. 2016) are indicative of source materials and
biogeochemical and physical processes (Hedges and Ertel
1982; Hernes et al. 2007; Moingt et al. 2016). Using only
stable isotopes, it may be difficult to distinguish between ter-
restrial materials and marine organic matter (MOM) (Hedges
et al. 1997), and one can overestimate the relative amount of
MOM (Burdige 2005). Lignin provides a parameter that can
be combined with isotopic analyses to improve source identi-
fication. However, care should be taken in interpreting results
since lignin analyses do not provide a measure of absolute
TOM content (Louchouarn et al. 2010; Moingt et al. 2016).
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Lignin has been used as a measure of TOM present in marine
environments and as an integrated record of land use change in a
downstream water body (Prahl et al. 1994; Opsahl and Benner
1995); both approaches suggest its possible use as a tracer of
storm events in a coastal environment. TOM has been identified
using lignin in salt marshes (Chen and Torres 2018), mangrove
forests (Dittmar and Lara 2001), benthic marine sediments
(Hedges and Parker 1976; Hedges and Mann 1979b; Prahl
et al. 1994; Tesi et al. 2008), and river systems emptying into
marine environments (Goñi et al. 1998; Sun et al. 2017). Lignin
is also used as a tracer for land use change, with the downstream
water body being a recipient of sediment in runoff and, therefore,
a record of human activity such as agriculture (Onstad et al.
2000; Dalzell et al. 2007; Bélanger et al. 2015, 2017), pulp in-
dustry (Louchouarn et al. 1999), and logging and mining
(Moingt et al. 2014). However, lignin is seldom used in studies
with varied ecosystems in the context of multiple storm events,
which is our focus in this study.

The purpose of this study was to investigate how storm
events influence the quantity and quality, specifically the level
of degradation and source material, of TOM transported into
coastal regions. We examined how distance from stream
mouths and sampling date, following successive winter
storms, might impact TOM measured in marine sediments.
Our study area in the Santa Ynez Mountain watersheds and
nearshore regions of the Santa Barbara Channel in southern
California is ideal to address this question due to droughts,
episodic rainfall, and wildfires that cause considerable vari-
ability in local runoff and solute and particulate export
(Aguilera and Melack 2018a). Multiple wildfires occurred in
the region during the decade preceding this study, and wild-
fires can lead to an increased export of suspended sediments
(Coombs andMelack 2013; Murphy et al. 2015; Aguilera and
Melack 2018b). Fires were spread throughout the sampling
region, so our analysis focuses instead on the storms and the
preceding drought as controlling factors in organic material
condition and transport. In Santa Ynez Mountain watersheds,
50% of annual suspended sediment may be discharged in 0.5–
2 days of storm events, suggesting that half of the sediment
that reaches the ocean from the land each year may happen in
a single storm (Warrick et al. 2015). The short, intermittent
streams and episodic storm events produce pulsed inputs of
TOM to the Santa Barbara Channel (Blair and Aller 2012).

Due to the large rainfall predicted during the 2015–2016 El
Niño Seasonal Oscillation, we hypothesized that sediment col-
lected following the storms would contain greater and fresher
lignin content than that collected before the storms. We also
hypothesized that following these storms, marine sediments
located closest to stream mouths would receive higher TOM
loading than sites further from streams. The episodic nature of
runoff events makes this region well suited for a study using
lignin as a tracer of the effects of meteorological variability on
loading of particulate organic matter from the landscape.

Methods

Site Description

Nine stream sites in Santa Ynez Mountain watersheds, two
estuarine sites in Santa Barbara County, California, and eight
kelp forest sites located offshore in the Santa Barbara Channel
(SBC) were sampled (Fig. 1). The watersheds range from 7 to
50 km2, and maximum watershed elevation is approximately
1000 meters above sea level (Aguilera and Melack 2018a,
2018b). Five marine sites were located immediately down-
stream of a stream or estuarine site while three others were
located near a kelp forest but at least 1 km from the nearest
stream mouth. The distance from sampling site to shore
ranged from approximately 300 to 2200 m; Goleta Bay
(GOLB) and Mission Creek (MICR) were sampled 1.5–
2.2 km from shore due to their bathymetric gradient (see
sampling locations along the 20 m isobath in Fig. 1). All sites
are part of the Santa Barbara Coastal Long Term Ecological
Research (SBC LTER) program, which has collected long-
term, monthly datasets at these locations for dissolved and
particulate constituents (Melack 2019; Washburn et al. 2019).

The region experiences a Mediterranean climate, with cool
winters and warm, dry summers (Aguilera and Melack
2018b). Oceanographic conditions consist of three periods:
seasonal upwelling of cold, nutrient-rich water in spring
(April–June), warm, stratified water in summer and fall
(July–November), and episodic runoff from streams during
winter storms (December–March) (Brzezinski et al. 2013). A
nearshore current (~ 15 m water depth) along the mainland
typically flows poleward (westward) with speeds up to 0.1 m
s-1 with stronger currents in summer (Harms and Winant
1998; Fewings et al. 2015). Average nearshore cross-shelf
currents along the benthos typically range from 0.01 to 0.02
m s-1 with flow offshore (southward). In water depths of 15 m
or less, seawater residence time is approximately 2 days
(Fewings et al. 2015). During fair-weather, summer condi-
tions, the wave base, or the water depth to which marine
sediment is disturbed due to waves, is up to 20 m. In contrast,
marine sediment may be disturbed and resuspended in up to
70 m water depth during stormy, winter conditions
(Sommerfield et al. 2009). Along the mainland, sand is
transported each winter from beaches and nearshore areas into
offshore regions and is returned the next summer (Revell et al.
2011).

Sampling Design

Sampling was designed to encompass the period immediately
before and during El Niño Seasonal Oscillation (ENSO) con-
ditions in southern California, from December 2015 to
June 2017. Suspended sediment was collected at stream sites
and sediment cores were collected at estuarine and marine
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sites to measure TOM exported during winter storms and de-
posited via runoff in estuarine and marine environments.
Suspended particulate matter was collected at nine streams
during winter storms; water samples were transported back
to the laboratory and filtered prior to additional analyses.
Samples were not collected from streams during dry season
periods because they lacked appreciable discharge. At estua-
rine sites, four replicate sediment cores (5 cm diameter ×
20 cm long) were collected using hand corers from the shal-
low subtidal channels near the inlets. At kelp forest sites, four
replicate sediment cores (5 cm diameter × 20 cm long) at two
water depths (10 m and 20 m) were collected by SCUBA
divers using hand corers. Estuarine and marine cores were
split into shallow (0–10 cm) and deep (10–20 cm) subsam-
ples. Sediment core horizons were chosen due to energetic
benthic conditions. Samples were transported back to the lab-
oratory and frozen (− 20 °C) prior to analysis.

Sample Processing

All samples were analyzed for OM content, carbon and nitro-
gen content, carbon and nitrogen stable isotopes, and lignin
content. Estuarine and reef samples were also analyzed for
grain size; there was insufficient material to do grain size
determination on stream samples. OM content was deter-
mined by weighing 2 g of thawed sediment, drying at 60 °C
for 48 h, combusting at 450 °C for 4 h, and re-weighing the
sample. Grain size was determined using 20 g of
dried sediment, treating the sample with 5% sodium
hexametaphosphate for 24 h (Poppe et al. 2000), and analyz-
ing using a Cilas laser diffraction particle size analyzer. For
carbon and nitrogen content as well as isotopic signatures,
samples were thawed, and shell and other coarse material
removed. Sediment was then dried at 60 °C for 48 h, ground

using mortar and pestle, weighed into silver capsules, acidi-
fied with 6% sulfurous acid to remove carbonates, and re-
dried. Samples were analyzed using a Thermo Finnigan
Delta-Plus Advantage isotope mass spectrometer coupled
with a Costech EAS elemental analyzer housed at the
University of California Santa Barbara (UCSB) Marine
Science Institute Analytical Laboratory. Instrument precision
for both C and N was ± 0.2‰, determined by replicate anal-
yses of NBS 1572 standard. Isotope values are presented per
mil in standard δ notation relative to the Pee Dee Belemnite
standard for carbon and atmospheric N2 for nitrogen. All
samples were analyzed for lignin content using a modified
version of the alkaline CuO oxidation method described by
Goñi and Montgomery (2000) using a Varian 3800/Saturn
2000TM coupled gas chromatograph – mass spectrometer
fitted with a fused capillary column (DB-1 from J&W, 60
m, 320 μm) housed at GEOTOP, Université du Québec à
Montréal (Moingt et al. 2016).

Lignin analyses were performed to evaluate TOM source
material in sediments and the degree to which this material
had undergone diagenetic processing. Our results for the stan-
dard reference material (SAG 05) were consistent with previ-
ously published values (Louchouarn et al. 2000; Moingt et al.
2016; Table A2). Several metrics of lignin amount and prov-
enance were calculated. Sigma 8 is a measure of eight total
lignin oxidation products indicating total lignin amount per
sample, while Lambda is a measure of the same oxidation
products but normalized to organic carbon (OC) content, as
an indicator of the proportion of allochthonous to autochtho-
nous OM in aquatic environments (Hedges and Parker 1976).
The ratio of cinnamyl to vanillyl phenols (C/V) is used as a
measure of the relative contribution of non-woody source ma-
terials (Hedges and Mann 1979a) and decreases with biodeg-
radation (Opsahl and Benner 1995; Dittmar and Lara 2001).

Fig. 1 Locations sampled along the Santa Barbara coast from 2015 to 2017 (See Table A1 for full site names). All locations are regularly monitored sites
of the SBC LTER. Marine locations are marked along the 20 m isobath. Image data from the ggmap package (Kahle and Wickham 2013)
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The ratio of syringyl to vanillyl phenols (S/V) is used as a
measure of the relative contribution of woody angiosperm
material (Hedges and Mann 1979a). S/V decreases or remains
unchanged due to degradation processes and increases due to
physical sorption and leaching processes in aquatic environ-
ments (Opsahl and Benner 1995; Hernes et al. 2007). The ratio
of p-hydroxyl phenols to vanillyl and syringyl phenols (P/(V+
S)) is used as a measure of the relative contribution of woody
versus non-woody materials (Moingt et al. 2016). P/(V+S)
and 3,5-dihydroxybenzoic acid to vanillyl phenols (3,5-Bd/
V) are also used as measures of degradation (Hedges and
Ertel 1982; Louchouarn et al. 1999; Dittmar and Lara 2001).
Lignin has been detected in seagrasses (Klap et al. 2000) and
red algae (Martone et al. 2009), but their lignin content is low.
We ensured sampling did not occur in areas with these taxa in
abundance so as not to confound results.

We examined indicators of overall lignin content (Sigma 8,
Lambda) and signatures of source materials and degradation
processes (S/V, C/V, P/(V+S), 3,5-Bd/V) to identify spatial
and temporal trends. While the extraction efficiency of the
cupric oxidation method remains fairly constant, the lignin
fraction of a given sample may vary based on the characteris-
tics of the TOM of the sample, so calculating precise loadings
of TOM is not advised. However, if lignin content of samples
collected from the same location increases through time, one
can attribute that to increased TOM input (Louchouarn et al.
1999; Moingt et al. 2016; Bélanger et al. 2017).

Data Analyses

Data organization and analyses were performed using Excel
(v 16.24) and R Statistical Software (v 4.0.2). Data formatting
and visualization were performed using the tidyr and ggplot2
packages in RStudio (v 1.3.1073) (Wickham 2016, 2018).
Linear mixed effects models were used to account for the
nested sampling design and to address the lack of indepen-
dence between certain samples (Millar and Anderson 2004;
Chaves 2010). Prior to model construction, seven outliers,
from a total of 456 samples, in the lignin dataset were re-
moved; six outliers were removed due to values that were
six or greater standard deviations above the dataset mean for
a given signature (e.g., S/V), and a seventh value was removed
due to contamination concerns. All statistical analyses used an
alpha (α) value of 0.05 unless otherwise noted. The lme func-
tion within the nlme package was used to create and validate
each model (Pinheiro et al. 2019). Model creation began with
fixed effects and random effects using a random intercept
structure. Then, model selection followed the protocol
outlined by Zuur et al. (2009, Chapter 5), beginning with a
linear model, accounting for variance structure, optimizing the
fixed structure, and validating best model fit using distribution
of residuals and AIC values. If necessary, data were log-trans-
formed. If fixed effects were found to have a significant effect

on lignin values, post hoc tests (Tukey’s HSD) were run using
the glht function of the multcomp package (Hothorn et al.
2017). Data are published on the SBC LTER site (Page et al.
2018). Final results aggregated by environment and sampling
date are presented in Table A3. All model results are reported
in Table A4.

Results

Precipitation

During a drought from 2011 to 2015, mean annual rainfall
measured from Santa Barbara County gauge 234 (34° 25’ N,
119° 42’ W) was 24.8 cm. From 2015 to 2017, the period of
our study, mean annual rainfall approximately doubled to 48.1
cm. The 20-year rainfall average for the two decades preced-
ing our study (1995–2015) was 47.2 cm, with especially large
precipitation occurring during the 1997–98 (119 cm) and
2004–05 (94 cm) water years (Fig. 2, Santa Barbara County
Flood Control District 2019).

Grain Size

Median grain size of estuarine and marine sediment samples
ranged from 6 to 496 μm, and mean and standard deviation
values for estuarine and marine sediment were 140 ± 122 μm
and 111 ± 62 μm, respectively. Median grain size also de-
creased slightly with water depth; mean and standard devia-
tion values for marine sediment collected at 10 and 20mwater
depths were 127 ± 80 μm and 95 ± 31 μm, respectively.
Overall, estuarine sediment consisted of 6.3% ± 5.3% clay,
35.0% ± 25.5% silt, and 58.7% ± 30.3% sand. Marine sedi-
ment consisted of 4.5% ± 4.4% clay, 24.3% ± 18.2% silt, and
71.2% ± 22.4% sand.

Lignin Content

Lignin oxidation products (LOPs) were ubiquitous in sedi-
ment samples, with at least one of twelve possible LOPs de-
tected in 444 of 456 sediment samples (97%). Mean and stan-
dard deviation values of LOPs, organic carbon content, and
isotopic signatures presented by environment and date are
reported in Table A3. Sigma 8 values of all samples ranged
from 0.01 to 15.29 mg/10 g sample, and mean (± 1 SD) values
for the stream, estuarine, and marine sediments were 5.85 ±
3.89 mg/10 g sample, 2.75 ± 2.78 mg/10 g sample, and 0.47 ±
0.44 mg/10 g sample, respectively. Due to the lack of homo-
geneity of variances of values from all environments, Sigma 8
values were log-transformed prior to the construction of a
linear mixed effects model. Our final model structure for the
full dataset included environment (stream, estuary, or marine)
as a fixed effect and sampling site, water depth sampled,
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sample replicate, and sediment depth sampled as nested ran-
dom effects. Sampling date was not considered as a fixed
effect since certain environments were sampled only on cer-
tain dates (Table 1), and the same sites were sampled over
time resulting in a lack of independence between site type
and sampling date. The model results revealed a significant
effect of environment on Sigma 8 values (linear mixed effects
model (LMEM), p = 0.0001). Stream Sigma 8 values were
significantly different from the marine values (Tukey’s post
hoc, p < 0.001). Stream Sigma 8 values were consistently
greater than other environments sampled.

Lambda values of all samples ranged from 0.04 to 6.01mg/
100 mg OC, and mean values for stream, estuarine, and ma-
rine sediments were 2.14 ± 0.99 mg/100 mg OC, 2.17 ± 1.29
mg/100 mg OC, and 1.08 ± 0.76 mg/100 mg OC, respectively
(Fig. 3). The final model for the full dataset included environ-
ment as a fixed effect and sampling site, water depth, replicate,
and sediment depth as nested random effects. Model results
suggested a significant effect of environment on Lambda
values (LMEM, p = 0.0009). Marine Lambda values were
significantly different from both stream and estuarine values
(Tukey’s post hoc, p < 0.001 and p = 0.0062, respectively).
Lambda values for stream and estuarine sediments were great-
er which indicates they contained greater proportions of TOM
than marine sediments.

Contrary to our initial hypothesis, Sigma 8 and Lambda
values in marine sediment did not vary significantly between
marine sites located near and far from stream mouths.

However, sampling date, water depth, and sediment depth
were significant predictors of lignin quantity measures.
Marine sediment Sigma 8 values ranged from 0.01 to 3.43
mg/10 g sample. Mean values for sites located near and far
from stream mouths were 0.51 ± 0.48 mg/10 g sample and
0.38 ± 0.35 mg/10 g sample, respectively. Marine sediment
Lambda values ranged from 0.04 to 4.41 mg/100 mg OC, and
mean values for sites located near and far from streammouths
were 1.20 ± 0.77 mg/100 mg OC and 0.86 ± 0.70 mg/100 mg
OC, respectively. Additional information regarding model
structures for marine Sigma 8 and Lambda values can be
found in Table A4.

Isotopic Signatures and Lignin Measurements

Higher Sigma 8 values are indicative of greater lignin content
in a given sample, and depleted δ13C signatures (more nega-
tive values) also suggest greater input from terrestrial sources
(Hedges and Parker 1976). Moingt et al. (2016) found a linear
relationship between Sigma 8 and δ13C signatures, but the
samples analyzed were forest soils. Since our samples were
collected from varied environments as well as different hori-
zons (suspended and benthic), we present the Sigma 8 and
δ13C signature relationship in a qualitative manner. TOM sig-
natures in the Santa Barbara Channel range from − 25 to −
23‰, kelp forest particulate OM δ13C signatures range from −
23 to − 17‰, and offshore particulate MOM signatures range
from − 22 to − 19‰ (Page et al. 2008). Stream and estuarine

Fig. 2 Daily rainfall for 2015–
2017 water years (September 1
through August 31) measured at
Santa Barbara County Gauge 234
(Santa Barbara County Flood
Control District 2019). Sampling
dates are denoted by the letters at
the top of the plot with stream,
estuarine, and marine sites
denoted with “s,” “e,” and “m”
respectively

Table 1 Schedule of sampling. Sites were sampled once each time, and from 1 to 6 days within each month were required to sample all sites within an
environment category

2015 2016 2017

Environment Sample type Dry season Rainy season Dry season Rainy season Dry season

Stream Suspended sediment January, March January

Estuary Sediment core April, June March, June

Marine Sediment core December June March, June
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sediment had higher Sigma 8 values and more depleted δ13C
signatures, whereas marine sediment had lower Sigma 8
values and more enriched δ13C signatures (Fig. 4a). Sigma 8
values were most variable at stream and estuarine sites while
δ13C signatures were most variable at marine sites. No distinct
grouping emerged in isotopic signatures between marine sites
located near or far from streams.

Lignin content and isotopic signatures may be used to in-
dicate material sources and the level of degradation of the
OM. Higher values for the 3,5-dihydroxybenzoic acid to
vanillyl (3,5-Bd/V) ratio indicate greater levels of TOM deg-
radation (Louchouarn et al. 1999). Fragments of brown
macroalgae in sediment samples can also increase 3,5-Bd/V
measures due to the presence of tannin and flavonoid com-
pounds in their tissues (Goñi and Hedges 1995). We present
the relationship between 3,5-Bd/V and δ13C signatures to ex-
amine the relationship between sampling environment and
evidence of degradative processes. Stream and estuarine sed-
iments contained low 3,5-Bd/V values with low variability

while marine sediments had greater 3,5-Bd/V values with
much greater variability (Fig. 4b). There was no significant
difference in 3,5-Bd/V values by marine sites located near and
far from streams (Table A4).

Syringyl to vanillyl (S/V) and cinnamyl to vanillyl
(C/V) ratios provide information about material sources
and degradation processes. S/V values of all samples var-
ied widely, ranging from 0.15 to 11.72. However, mean
values of S/V for the stream, estuarine, and marine sedi-
ments, 2.45 ± 0.88, 2.73 ± 1.27, and 3.03 ± 1.51, respec-
tively, were not significantly different (LMEM, p =
0.3262). Similarly, C/V values of all samples were highly
variable, ranging from 0.01 to 0.75. Mean values of C/V
for stream, estuarine, and marine sediments were 0.27 ±
0.13, 0.32 ± 0.0.19, and 0.10 ± 0.08, respectively. There
was no significant difference in C/V values between stream
and estuarine environments (Tukey’s post hoc, p = 0.47).
Consequently, we will focus on models created for S/V and
C/V values within each environment.

Fig. 3 Mean Lambda values for
all environments sampled. Data
are aggregated by chronological
sampling date. Error bars denote
one standard deviation. Note:
December 2015 marine samples
were collected prior to significant
rainfall

Fig. 4 a Sigma 8 and (B) the ratio of 3,5-Bd/V versus δ13C values for all
samples. Boxes in panel a are representative of published carbon isotopic
signatures of particulate organic matter of various sources sampled from

the Santa Barbara Channel nearshore marine environment (Page et al.
2008). “T” refers to terrestrial signatures, “KF” refers to kelp forest
signatures, and “M” refers to offshore marine signatures
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Stream S/V and C/V values permit an examination of
changes in source material quality, prior to significant pro-
cessing and signature alteration that may occur during trans-
port to the ocean. Stream S/V values ranged from 1.50 to 4.36
while C/V values ranged from 0.09 to 0.54 (Fig. 5a). Linear
mixed effects model structure for the stream S/V data only
included watershed area and sampling date as fixed effects,
sampling site as a random effect, and an additional term
allowing different variances by sampling date. The model
structure for the C/V data included sampling date as a fixed
effect and sampling site as a random effect. Watershed area
(km2) (LMEM, p = 0.0099) and sampling date (LMEM,
p = 0.0004) had a significant effect on S/V values. Sampling
date also had a significant effect on C/V values (LMEM,
p = 0.0019). For S/V values, post hoc results suggested a
significant difference between January and March 2016
(Tukey’s post hoc, p = 0.0014) and January 2016 and
January 2017 (Tukey’s post hoc, p < 0.001). C/V values were
significantly different between January 2016 and January
2017 (Tukey’s post hoc, p = 0.0003) and March 2016 and
January 2017 (Tukey’s post hoc, p = 0.0002). Based on these
findings, we conclude that there was a significant change in
either the S/V or C/V signatures of stream sediment between
each sampling date, and there was an increase in both S/V and
C/V values in stream sediment over the course of the full
sampling period.

Certain lignin quality measures in estuarine sediments had
temporal trends. Estuarine S/V values ranged from 0.69 to
8.74 while C/V values ranged from 0.05 to 0.75. The linear
mixed effects model structure for estuarine S/V values

included median grain size as a fixed effect, sampling site,
replicate, and sediment depth as nested random effects, and
a variance term by sampling date. Sediment S/V values in-
creased with increasing median grain size. The final model
structure for estuarine C/V values involved sampling date
and median grain size as fixed effects, sampling site, replicate,
and sediment depth as nested random effects, and a term
allowing for different variances by sampling date. Sampling
date had a significant effect on C/V values (LMEM, p <
0.001), and post hoc testing revealed significant differences
between April 2016 and July 2016, April 2017, or June 2017
samples (Tukey’s post hoc, p < 0.003 for all).

Marine S/V and C/V values were analyzed to determine if
patterns in qualitative lignin measures in marine sediment
matched those found in stream and estuarine sediment sam-
ples. Marine S/V values ranged from 0.15 to 11.72 while C/V
values ranged from 0.01 to 0.61 (Fig. 5b). Linear mixed ef-
fects model structure for marine S/V values included sampling
date, proximity to streams, water depth, sediment depth, and
median grain size as fixed effects, sampling site, water depth,
replicate, and sediment depth as nested random effects, and a
variance term by water depth. Water depth (LMEM,
p = 0.043) had a significant effect on S/V values; post hoc
results suggested a significant difference between cores col-
lected at 10 m and 20 m water depth (Tukey’s post hoc, p =
0.0081). Sampling date (LMEM, p = 0.0054) also had a sig-
nificant effect on S/V values, with post hoc results suggesting
a significant difference between samples collected in
December 2015 and March 2017 (Tukey’s post hoc, p <
0.001). The model structure for C/V values included sampling

Fig. 5 The ratios of S/V and C/V presented for suspended sediments
collected from (a) stream and (b) marine sites. Boxes in panel a are
representative of published values of pure terrestrial vegetation tissue
sources, both gymnosperm and angiosperm (Hedges and Mann, 1979;
Moingt et al. 2016). “A” refers to woody angiosperm tissue, “a” refers to
non-woody angiosperm tissue, “G” refers to woody gymnosperm tissue,

and “g” refers to non-woody gymnosperm tissue. Marine data in panel b
is presented as mean values aggregated by site. No distinction between
sites near and far from streams has been made since proximity to stream
did not have a significant effect on marine sediment S/V or C/V values
(Table A4)
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date, proximity to streams, and median grain size as fixed
effects and sampling site, water depth, replicate, and sediment
depth as nested random effects. Sampling date (LMEM, p <
0.0001) had a significant effect on C/V values. Post hoc re-
sults indicated a significant difference between December
2015 and June 2016 (Tukey’s post hoc, p < 0.001),
December 2015 and March 2017 (Tukey’s post hoc, p <
0.001), December 2015 and June 2017 (Tukey’s post hoc, p
= 0.01), and June 2016 and June 2017 (Tukey’s post hoc, p =
0.046). Overall, there was a significant change in S/V and C/V
signatures of marine sediment between the initial samples col-
lected prior to significant rainfall (December 2015) and sam-
ples collected after two winter storm seasons (March 2017).
Similar to stream sediment, there was evidence of increases in
S/V and C/V values in marine sediment over the course of the
full sampling period.

Lignin degradation indices, such as p-hydroxyl to vanillyl
and syringyl (P/(V+S)) and 3,5-Bd/V, are typically used to
verify patterns observed in source material signatures, such
as S/V and C/V. The ratios of P/(V+S) and 3,5-Bd/V can be
used as measures of diagenetic processing, with higher values
for both measures indicating greater degradation (Louchouarn
et al. 1999; Dittmar and Lara 2001). P/(V+S) values of all
samples ranged from 0.03 to 2.17, andmean values for stream,
estuarine, andmarine sediments were 0.20 ± 0.10, 0.15 ± 0.09,
and 0.22 ± 0.25, respectively. 3,5-Bd/V values ranged from
0.06 to 4.06, and mean values for stream, estuarine, and ma-
rine sediments were 0.18 ± 0.06, 0.20 ± 0.14, and 0.59 ± 0.63,
respectively. There was no significant difference in P/V+S
values among environments (LMEM, p = 0.8299) and no
significant difference in 3,5-Bd/V values between stream
and estuarine environments in pairwise comparisons
(Tukey’s post hoc, p = 0.9995). Therefore, we present results
of linear mixed effects models run for P/(V+S) and 3,5-Bd/V
values for each environment separately.

Stream P/(V+S) and 3,5-Bd/V values were analyzed for
patterns in degradation parameters prior to transport to marine
regions. P/(V+S) values in stream particulate matter ranged
from 0.06 to 0.36, and 3,5-Bd/V values in stream particulate
matter ranged from 0.08 to 0.37 (Fig. 6a). The final model
structure for P/(V+S) data included sampling date as the sin-
gular fixed effect and sampling site as the random effect.
P/(V+S) varied significantly by sampling date (LMEM, p <
0.0001). Post hoc testing revealed that all dates were signifi-
cantly different from all others (Tukey’s post hoc, p < 0.001).
The final model for 3,5-Bd/V included land use as a fixed
effect, site as a random effect, and an additional variance term
by sampling date, but values did not vary significantly by
primary land use type (urban, agricultural, or undeveloped).
The results of these models indicate that there was a signifi-
cant change in stream P/(V+S) signatures between each sam-
pling, and there was a decrease in stream P/(V+S) values over
the full sampling period.

Estuarine P/(V+S) values ranged from 0.04 to 0.47 while
3,5-Bd/V values ranged from 0.06 to 0.75. The final model
structure for P/V+S signatures included sampling date, sedi-
ment depth, and median grain size as fixed effects, sampling
site, replicate, and sediment depth as nested random effects,
and a term allowing for different variances by sampling date.
Sampling date also had a significant effect on P/V+S values
(LMEM, p < 0.001) with post hoc tests revealing significant
differences between the 0–10 cm and 10–20 cm sediment
horizons (Tukey’s post hoc, p < 0.0001) and nearly all dates
sampled (Tukey’s post hoc, p < 0.04 for April 2016 and 2017,
April 2016 and June 2017, June 2016 and April 2017, and
March 2017 and June 2017). The final model structure for
estuarine 3,5-Bd/V signatures included median grain size as
a fixed effect, sampling site, replicate, and sediment depth as
nested random effects, and a term allowing for different var-
iances by sampling date. Sediment 3,5-Bd/V values increased
with increasing median grain size.

Marine P/(V+S) and 3,5-Bd/V values were analyzed to
determine if trends in upstream samples were mirrored in sed-
iments deposited in nearshore regions. P/(V+S) values in ma-
rine sediment ranged from 0.03 to 2.17, and 3,5-Bd/V values
ranged from 0.09 to 4.06 (Fig. 6b). The model structure for
P/(V+S) data included sampling date, proximity to streams,
water depth, sediment depth, and median grain size as fixed
effects, sampling site, water depth, replicate, and sediment
depth as nested random effects, and a term allowing for dif-
ferent variances by water depth. P/(V+S) values varied signif-
icantly by date sampled (LMEM, p < 0.0001), proximity to
the nearest stream (LMEM, p = 0.0174), water depth (LMEM,
p = 0.0124), sediment depth (LMEM, p = 0.0006), and grain
size (LMEM, p = 0.0181). As P/(V+S) values increased, the
median grain size of marine sediments significantly increased.
Post hoc results suggested a significant difference between
sites near and far from stream mouths (Tukey’s post hoc, p
= 0.0087), between 10 and 20 m water depths (p = 0.0027),
between the 0–10 and 10–20 cm sediment horizons (Tukey’s
post hoc, p = 0.0007), and nearly all dates sampled (Tukey’s
post hoc, p < 0.001 for December 2015 and March 2017,
December 2015 and June 2017, June 2016 and June 2017,
and March 2017 and June 2017). The model structure for
3,5-Bd/V data included sampling date, proximity to streams,
water depth, sediment depth, and median grain size as fixed
effects and sampling site, water depth, replicate, and sediment
depth as nested random effects. Sampling date (LMEM,
p < 0.0001), water depth (LMEM, p = 0.0154), sediment
depth (LMEM, p = 0.0025), and grain size (LMEM,
p = 0.0008) were all significant fixed effects. 3,5-Bd/V values
significantly increased as the median grain size of marine
sediments increased. Post hoc testing revealed significant dif-
ferences between 10 and 20 m water depths (Tukey’s post
hoc, p = 0.0025), between the 0–10 and 10–20 cm sediment
horizons (Tukey’s post hoc, p = 0.0033) as well as December
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2015 compared to June 2016, March 2017, or June 2017 sam-
ples (Tukey’s post hoc, p < 0.001 for all). We conclude that
there was a decrease in both marine P/(V+S) and 3,5-Bd/V
signatures between the initial samples (December 2015) and
samples collected after two winter storm seasons (March/
June 2017). Similar to stream sediment, there was a decrease
in P/(V+S) values in marine sediment over the course of the
full sampling period.

Discussion

Degradation of lignin, as part of the larger pool of bioavailable
TOM, depends on the microbial community, physical pro-
cesses, and light and oxygen availability in a given system
(Opsahl and Benner 1995). In terrestrial environments,
white-rot fungi are responsible for significant lignin break-
down (Hedges et al. 1988), and although there is currently
no evidence of this fungus in marine environments, break-
down of TOM may continue in marine sediments (Burdige
2005). Physical processes, such as dissolution and sorption,
can alter lignin phenol values (Hernes et al. 2007), and coarse,
lignin-rich materials may be subject to more physical process-
ing than finer, lignin-poor organic materials that provide
greater physical protection (Louchouarn et al. 1999).
Physical transport, by way of hydrodynamic sorting, may also
lead to transport of these finer, lignin-poor particles further
offshore in marine regions, with larger, lignin-rich particles
deposited in areas closer to shore (Goñi et al. 1997). Our grain
size data from marine sediments collected at 10 and 20 m
water depth support the likelihood of hydrodynamic sorting
occurring at our study sites. Dissolved organic carbon has

been demonstrated to flocculate more with increasing salinity;
however, this does not occur for lignin compounds
transported across the freshwater-marine boundary (Eckes
2020). Flocculation occurring in estuarine and marine envi-
ronments likely did not alter measured lignin signatures.
Furthermore, photo-oxidative, anaerobic, and aerobic lignin
degradation processes can lead to a decrease in S/V, C/V,
and Sigma 8 values, respectively (Dittmar and Lara 2001;
Houel et al. 2006). There is a lack of consensus on whether
these various degradation processes dominate in terrestrial
ecosystems (Goñi et al. 1998) or if lignin undergoes degrada-
tion at comparable rates in the ocean (Opsahl and Benner
1995; Louchouarn et al. 1999). These biologically, chemical-
ly, and physicallymediated degradation pathways likely occur
simultaneously in our system. Therefore, degradation taking
place duringmaterial transport and following TOMdeposition
may have amplified degradation signatures in the estuarine
and marine environments.

Quantitative lignin measures (Sigma 8, Lambda) differed
among the sampled environments (stream, estuarine, marine),
reflecting the greater proportional contribution of TOM to
streams as compared to marine particulate organic matter.
As we hypothesized, sites located close to potential sources
of TOM (i.e., streams and estuaries) had the highest mean
Sigma 8 and Lambda values. Due to runoff caused by episodic
storms, the streams located in the Santa Ynez watersheds con-
tain significant quantities of TOM as suspended particulate
matter, with TOM content comparable to larger lotic systems
(Table 2). Lignin measures at both estuarine sites were com-
parable to deltaic sediments collected from larger lotic sys-
tems, specifically the Mississippi and Atchafalaya rivers
(Table 2). Elevated Lambda values at estuarine sites (Fig. 3)

Fig. 6 The ratios of P/(V+S) and 3,5-Bd/V for (a) stream and (b) marine
sites. Marine data in panel b is presented as mean values aggregated by
site. No distinction between sites near and far from streams has been

made since proximity to stream did not have a significant effect on
marine sediment 3,5-Bd/V values (Table A4)
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may be due to input of partially degraded TOM, which con-
tains proportionallymore lignin than fresh TOM (Benner et al.
1987). If organic material in estuarine sediment consists of
more degraded TOM, it would have higher lignin values rel-
ative to the total organic matter content. Greater Lambda
values may also be due to input from different TOM sources,
as suggested by S/V and C/V values (Fig. 5a), or the low OC
content of sandy, estuarine sediments (mean OC of estuarine
sediment samples = 0.99 ± 0.88 %). Deposition of TOM in
winter coupled with hypoxic periods in summer (Battalio et al.
2015) may lead to extended periods of low oxygen availability
which could slow degradation, increase OM sequestration
and, as a result, further increase Sigma 8 and Lambda values
(Opsahl and Benner 1995; Dittmar and Lara 2001) at estuarine
sites.

Runoff during winter storms transported TOM as far as the
deepest depth of water where marine sediments were sampled
(20 m). However, TOMwas not disproportionately retained in
marine sediments located closest to stream mouths. Sigma 8
and Lambda measures were unable to distinguish between
marine sediment sampled at kelp forest sites located near
and far from streams (Table A4). Physical resuspension and
transport likely prevent TOM from accumulating in sediments
located closer to streams. Indeed, TOM in marine sediments
can be transported along shore (Tesi et al. 2008), and storm
events that cause strong wave action that may resuspend sed-
iment, exacerbating dilution and dispersion (Airoldi et al.
1996; Cotner et al. 2000). In the energetic system of the
Santa Barbara Channel, marine sediment at water depths of
10 to 20 m is routinely resuspended due to waves even during
fair weather periods (Sommerfield et al. 2009). There is also
an annual pattern of scouring, with sand and sediment
transported offshore from beaches and nearshore areas in win-
ter and returned the following summer (Revell et al. 2011).

These transport mechanisms may homogenize nearshore ma-
rine sediments during and after winter storm events. This con-
nectivity may explain why lignin quantity was indistinguish-
able between marine sediment sampled near and far from
streams.

Water depth was a significant factor, with Sigma 8 and
Lambda values greater in marine sediments collected from
deeper locations (20 m) (Tukey’s post hoc, p = 0.001 and
p = 0.03, respectively). The presence of lignin in most marine
sediment samples indicates that TOM reaches these locations
and in quantities comparable to other nearshore regions
(Table 2). Furthermore, evidence of greater quantities of
TOM, due to higher Sigma 8 and Lambda values, and smaller
median grain size at deeper marine locations (20 m) suggest
the transport of finer particles offshore that, even if relatively
lignin-poor (Louchouarn et al. 1999), may accumulate and be
sequestered in less energetic benthic environments.

Lignin and isotopic signatures (δ13C) can be used to differ-
entiate the presence of TOM in freshwater versus marine sys-
tems. Stream and estuarine sediments contained greater TOM
content (Fig. 4a), with greater Sigma 8 values and less
enriched (i.e., lighter) δ13C signatures as compared to isotopic
signatures of MOM of the Santa Barbara Channel (Page et al.
2008). Isotopic signatures (δ13C) can also be used as a mea-
sure of degradation. Lignin is characterized by δ13C
depleted signatures, and as more degraded TOM contains pro-
portionately more lignin, it has further depleted δ13C signa-
tures (up to 4‰) (Benner et al. 1987). Tannin and flavonoid
compounds found in brown macroalgae can also increase 3,5-
Bd content which can inflate 3,5-Bd/V measures (Goñi and
Hedges 1995). Overall, more enriched (i.e., heavier) δ13C sig-
natures and higher 3,5-Bd/V values in marine sediment sug-
gested that TOM in these samples was more degraded than
stream or estuarine sediment (Fig. 4b). Marine V values were

Table 2 Lignin oxidation product
values from studies examining
similar environments alongside
our data collected from sites
located near Santa Barbara (SB),
California, USA. Stream/river
locations include data measured
from suspended sediment only.
Marine locations specify the
water depth from which samples
were collected

Location Source Sigma 8 Lambda S/V C/V 3,5-Bd/
V

Stream/river
Santa Ynez Mtns. This study 5.85 2.14 2.45 0.27 0.18
Central US Onstad et al. 2000 2.50 1.33 0.82 0.12 –

Indiana, US Dalzell et al. 2007 1.38 – 1.22 0.61 –

Mississippi R. Gordon and Goñi 2003 – 2.82 1.22 0.18 0.30
Amazon R. Hedges et al. 1986 2.56–7.06 2.15–7.31 0.78–0.85 0.07–0.1 –

Estuarine
SB County This study 2.75 2.17 2.73 0.32 0.20
Atchafalaya Delta Gordon and Goñi 2003 – 3.76 0.99 0.22 0.18

Marine
SB Channel 10 – 20 m This study 0.47 1.08 3.03 0.10 0.59
Gulf ofMexico 10 – 25m Gordon and Goñi 2003 – 1.06 1.13 0.23 0.43
Gulf of Mexico 74 m Goñi et al. 1998 – 0.36 1.01 0.42 0.16

Adriatic Sea 54 m Tesi et al. 2008 – 0.94 0.75 0.09 –

Pacific Ocean 55 m Prahl et al. 1994 – 3.66 0.27 0.05 –
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comparable to those measured by Goñi et al. (1998), but 3,5-
Bd/V values were an order of magnitude larger, potentially
due to macroalgal input. By comparing isotopic signatures
with lignin measures, we confirm that stream sediment
contained the greatest TOM content and marine sediment
contained the most degraded TOM.

Qualitative lignin measures had temporal patterns within
stream, estuarine, and marine environments following precipi-
tation events, specifically increases in S/V and C/V signatures
and decreases in P/(V+S) signatures (Figs. 5 and 6). These
values imply input of varied, but increasingly fresh, terrestrial
source material. The relatively high S/V values (> 1.00) in
stream suspended particulate matter indicate input from woody
and non-woody angiosperm tissues (Hedges and Mann 1979a;
Moingt et al. 2016). Higher C/V values (> 0.3) suggest input
from non-woody material, while lower values indicate input
from woody, structural tissues (Hedges and Mann 1979a).
Moingt et al. (2016) reported significant differences in S/V
values according to sample type (i.e., woody and non-woody
parts of plants and soils in forests dominated by angiosperms).
Therefore, January and March 2016 stream samples likely
contained more woody angiosperm tissues, whereas January
2017 stream samples contained more soil or non-woody angio-
sperm tissues. S/V and C/V signatures may also indicate extent
of degradation since S and C phenols are preferentially degrad-
ed (Opsahl and Benner 1995; Bélanger et al. 2017). When
interpreted in this context, higher S/V and C/V signatures in
stream, estuarine, and marine sediments may be due to input of
less degraded TOM. Lower P/(V+S) values suggest source ma-
terials containing woody tissues while higher values suggest
input from soil and non-woody tissues (Moingt et al. 2016).
Values in January 2016 stream samples suggest greater input
of soil and non-woodymaterial, whereas January 2017 samples
suggest more woody material. Similar to other lignin signa-
tures, P/(V+S) may also be considered a measure of degrada-
tion, with higher values suggesting greater levels of TOM deg-
radation (Dittmar and Lara 2001). In this context, the lower
P/(V+S) values measured in stream, estuarine, and marine sed-
iment following storm runoff suggest input of fresh, less de-
graded TOM over time.

This study highlights our ability to use lignin oxidation prod-
ucts as terrestrial biomarkers in the context of meteorological
events in coastal regions. We initially hypothesized that lignin
content in all sediments would increase following storms and
that marine sediments located closer to streams would receive
higher TOM loading than sites further from streams.
Quantitative lignin measures— Sigma 8, Lambda—were able
to distinguish temporal trends in marine sediments, but they
were unable to distinguish between marine sites located near
and far from streams. However, as we had hypothesized, sam-
ples collected following storms in all three environments did
contain fresher lignin content than those collected before the
storms. Qualitative lignin measures — S/V, C/V, P/(V+S) —

were able to distinguish between sampling dates in stream,
estuarine, and marine environments. Increasing S/V and C/V
values and decreasing P/(V+S) values in streams and recipient
estuarine and marine ecosystems suggest the input of fresh
TOM and varied source material from sequential storms.

With the frequency and intensity of droughts and storm
events predicted to increase (Masson-Delmotte et al. 2018;
Feng et al. 2019), TOM pulses into the coastal ocean may
become increasingly variable. Total suspended particulate mat-
ter exported from Santa Ynez Mountain watersheds is correlat-
ed with significant storm events (Aguilera and Melack 2018a),
and storm water runoff has been shown to contain significantly
more lignin (Chen and Torres 2018). While lignin is nutrition-
ally poor (Chen and Torres 2018), it can be used as a marker for
the simultaneous transport of labile TOM which can be a sub-
sidy for nearshore consumers (Savage et al. 2012; Fong and
Fong 2018). This study’s purpose was to examine how storm
events impact the quantity and quality of TOM transported into
coastal regions. Our findings suggest TOM delivered to the
nearshore Santa Barbara Channel from Santa Ynez Mountain
watersheds wasmore fresh, and its sourcematerial more varied,
through time.
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material available at https://doi.org/10.1007/s12237-021-00931-4.
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