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Abstract
Salt marshes are dynamic hydrologic systems where terrestrial groundwater, terrestrial surface water, and seawater mix due to bi-
directional flows and pressure gradients. Due to the counteracting terrestrial and marine forcings that control these environments, 
we do not comprehensively understand water fluxes in these complex coastal systems. To understand the water sources, flow 
directions, and velocities in salt marsh porewater, we employed a combination of geochemical tracers and analytical models across 
a hillslope-to-salt marsh continuum in a salt marsh experiencing daily inundation of estuarine surface water (SW) from tides and 
mixing of fresh seasonal groundwater. We used tritium (3H) as a hydrologic tracer to assess porewater ages and stable water isotope 
( �2H and �18O) analyses to separate isotopically distinct estuarine and terrestrial groundwater across different depths and landscape 
positions in the study transect. We employed electrical conductivity to constrain the role of source mixing and evapotranspiration 
in salt marsh hydrology. Salinity and stable isotopes revealed that transpiration, rather than evaporation, increased subsurface water 
salinity to concentrations above estuarine SW during summer. Elevated salinity at depth indicated that salt marsh subsurface water is 
recharged during the dry growing season. Seasonal recharge patterns drive long-term deep subsurface water dynamics across the salt 
marsh, with 3H ages of 3–7 years, and daily tidal cycles drive short-term shallow porewater dynamics with 3H ages of 0 ± 3.6 years. 
Our conceptual understanding of the spatiotemporal changes in SW-subsurface water interactions at the terrestrial-marine interface 
quantifies the hydrological constraints we are missing to improve our understanding of biogeochemical cycles within the salt marsh.
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Introduction

Salt marshes are dynamic hydrologic systems where ter-
restrial groundwater (GW), terrestrial surface water, and 
seawater mix. These systems play an essential role in global 

biogeochemical cycles, promoting carbon storage and nitro-
gen removal due to the saturated conditions resulting from 
frequent inundation (Robinson et al. 2018). Further, salt 
marsh systems can act as buffers between the terrestrial-
marine interface, whereby terrestrially derived nutrients may 
be retained or processed, potentially lessening their effects 
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on coastal environments (Kumar et al. 2019). These pro-
cesses are paramount, as excess nutrients released to coastal 
waters can enhance eutrophication and hypoxia (Peterson 
et al. 2016), which may worsen with expected shifts in cli-
matic patterns (Sinha et al. 2017), and projected population 
growth in coastal areas (Neumann et al. 2015). Thus, sus-
tainable management of coastal waters is a critical environ-
mental challenge due to these climatic and anthropogenic 
pressures on coastal zones (Ferguson and Gleeson 2012). 
These challenges highlight the need for an improved under-
standing of terrestrial-marine interactions (Day et al. 2008; 
Michael et al. 2013), including water exchanges across the 
terrestrial-marine interface, particularly in salt marsh sys-
tems (Borja 2005).

The hydrology of salt marshes is influenced by ecological 
and biogeochemical processes (Wilson et al. 2015b), and 
it is complex due to the combined effect of diurnal, tidally 
driven water level oscillations (Grande et al. 2022a), subsur-
face heterogeneity (Moffett et al. 2012), and variable eleva-
tion gradients (e.g., microtopography; (Wang et al. 2021b). 
For example, in lower marsh positions, along tidal channels, 
tidally driven water level fluctuations in tidal creeks induce 
hydraulic gradients that result in water circulation into and 
out of creek banks (Xin et al. 2011). Further, secondary 
porosity due to animals that burrow in these low marsh areas 
(e.g., crab bioturbation; (Guimond et al. 2020) impacts near‐
creek hydrology and can increase surface water-subsurface 
water exchanges (Xiao et al. 2019). At higher elevations, 
middle and upper marsh positions are influenced by vertical 
hydraulic gradients caused by tidal inundation, evapotran-
spiration, precipitation, terrestrial runoff from contributing 
hillslopes, and terrestrial GW inputs (Xin et al. 2013).

Several methods have been used to study surface 
water-GW interactions in coastal areas (Burnett et  al.  
2006), which span various spatiotemporal scales (Guimond  
and Tamborski 2021). Further, various methods tend to 
explain different driving forces. For local-to-regional 
spatial scales and over tidal cycles, seepage meters are 
an effective method for measuring surface water-GW  
exchanges directly (Rosenberry et  al. 2020). Hydraulic 
heads measured in groundwater wells at various depths 
and spatial extents are commonly used with Darcy’s law 
to calculate surface water-GW exchanges (Wilson et al. 
2015a). The spatiotemporal resolution of groundwater wells 
is controlled by the spatial (and temporal) distribution of 
the wells. Numerical models have also been used across a 
broad spatiotemporal range (Reeves et al. 2000). Naturally 
occurring tracers were helpful in studying surface water-GW 
exchanges in salt marshes (Xin et al. 2022). For example,  
salinity mass balances provide quantifiable information 
across various spatiotemporal scales (Michael et al. 2013). 
Isotope tracers, such as radon and radium isotopes, are 
widely used over short (Tamborski et al. 2017; Coluccio 

et al. 2021; Chen et al. 2022) and long timescales (McKenzie 
et al. 2021) to understand rates of subsurface-surface water 
exchanges. The stable isotopes of hydrogen and oxygen in 
water (δ2H and δ18O values) have also been used to study 
surface water-GW exchanges in coastal areas (Schmidt et al. 
2011; Wang et al. 2021a).

Water stable isotopes ( �2H and �18O values) are conserv-
ative tracers that help to explain mixing processes at the 
terrestrial-marine interface, aided by the significant isotopic 
contrast between terrestrial waters and seawater (Povinec 
et al. 2008). Further, �2H and �18O values in water can trace 
local (Grande et al. 2020), regional (Bowen et al. 2022), and 
global hydrologic flowpaths (Jasechko et al. 2014). Thus, 
the relationship between δ2H and δ18O values is a practical 
tool for understanding water mixing at the terrestrial-marine 
interface (Debnath et al. 2019). In addition, unlike salinity, 
which is affected by both evaporation and transpiration, �
2H and �18O values are only altered by evaporation (Zhang 
et al. 2010; Barbeta and Peñuelas 2017). Therefore, δ2H and 
δ18O values have the potential to constrain evapotranspira-
tion in salt marsh subsurface water and, in combination with 
salinity, understand the partitioning between evaporation and 
transpiration.

Tritium (3H) in water is an additional isotope tracer that 
offers potential for studying surface water-GW exchanges at 
the terrestrial-marine interface. 3H is the radioactive isotope 
of hydrogen (half-life = 12.3 years), and its radioactive decay 
results in a predicted activity concentration with time in GW 
from the moment water recharges the terrestrial aquifer, 
providing direct information on water residence time (Price 
et al. 2003; Visser et al. 2013). For example, 3H has been 
used in coastal studies in combination with its decay product 
3He to calculate the apparent age distribution of the dis-
charging GW offshore of south-eastern Sicily, Italy (Povinec 
et al. 2006). The age of GW is essential for understanding 
subsurface flowpaths (Visser et al. 2007), which can aid in 
understanding biogeochemical transformation processes in 
groundwater (Visser et al. 2009). However, it is challenging 
to measure GW age distributions directly (Ekwurzel et al. 
1994). Another methodology to use 3H to calculate subsur-
face water ages is to measure 3H in local precipitation and 
calculate the decay time (Harms et al. 2016). This technique 
is widely used in watershed hydrology to calculate stream 
water age distribution (Visser et al. 2019; Grande et al. 2020; 
Campbell et al. 2021), and it offers potential for studying 
shallow subsurface water ages in salt marsh systems.

To advance our understanding of surface water-GW 
exchanges at the terrestrial-marine interface, we used a com-
bination of isotopic and geochemical tracers (e.g., � 2H, �
18O, 3H, and electrical conductivity) with analytical models 
that can help us understand the residence time distribution 
and the water sources across a salt marsh platform in the 
Elkhorn Slough National Estuarine Research Reserve in 
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central California, USA. This Mediterranean system experi-
ences semidiurnal tidal inundation of estuarine surface water 
in addition to fresh GW inputs, direct precipitation, and sur-
face water inputs (e.g., agricultural drainage), which makes 
characterizing subsurface flowpaths challenging.

Our overarching objective was to develop an empirically 
informed conceptual model of water inputs/outputs and resi-
dence times in a salt marsh system by identifying what we 
hypothesize are the three dominant processes/drivers of water 
movement. First, we tested whether marked seasonal patterns 
in precipitation, common to the site’s Mediterranean climate, 
affected terrestrial GW contributions to the salt marsh. Spe-
cifically, we studied the subsurface water flow directions and 
water sources across a hillslope-to-low marsh continuum. 
Secondly, to improve our understanding of subsurface flow 
velocities of salt marsh porewater, we calculated subsurface 
water ages and vertical recharge rates. Thirdly, we evaluated 

the relative role of evaporation and plant transpiration in 
increasing porewater salinity in the salt marsh.

Methods

Study Area and Measurements

This study was conducted at Elkhorn Slough (ES) in Mon-
terey Bay, California (Fig. 1A). The principal sources of 
surface freshwater to ES are Carneros Creek, an ephemeral 
stream that only flows during the wet winter months, and 
the Old Salinas River, a perennial stream, which discharges 
at the mouth of the slough (Caffrey and Broenkow 2002). 
Other sources of freshwater are direct precipitation, and sur-
face runoff via intermittent streams and channels that drain 
into the Slough (S1).

Fig. 1  (A) Map of Elkhorn Slough with the extent of wetlands out-
lined in light blue. The purple symbol marks the location of the study 
transect. Notice that the experimental transect is adjacent to agricul-
tural fields. (B) Map view of the experimental transect showing the 
location of the hillslope and upland sampling piezometers in relation 
to the salt marsh transect. (C) Illustration of the experimental transect 

showing the spatial distribution of the sampling (black) and obser-
vation piezometers and wells (blue). The elevations (m relative to 
NAVD88) of the salt marsh positions are 1.79 m, 1.65 m, and 1.55 m 
for the upper, middle, and lower marshes, respectively. The elevation 
of the hillslope and upland positions is 6 m and 2.4 m, respectively
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Tides in the estuary are mixed semidiurnal with a mean 
range of 1.7 m, a spring tidal range of 2.5 m, and a neap 
tidal range of 0.9 m. The principal transport mechanism for 
water and nutrients in ES occurs via tidal exchange (Caffrey 
and Broenkow 2002). Monterey Bay seawater reaches up 
to 6 km inland during high tides, and over 50% of the total 
water volume of the slough is flushed during each tidal cycle 
(Malzone 1999).

The average precipitation in ES is 627 mm/year (based on 
2001–2022 record), with ~ 90% of the precipitation falling 
between November and April as rain (Chapin et al. 2004). 
Air temperature averages 11.1 °C in the winter and 15.4 °C 
in the summer (Caffrey 2002). The Mediterranean climate of 
the study site results in marked wet/dry seasonal dynamics 
(Fig. 2), which provide the conditions to resolve seasonal 
variations in climatic forcing that impact subsurface satura-
tion and mixing of fresh and saline waters. In this area, the 
wet periods occur during the dormant winter season, while 
the dry periods occur during the summer growing season. 

Pickleweed, Salicornia pacifica, is the dominant marsh plant 
(Van Dyke and Wasson 2005), and the dominant grazer and 
bioturbator is the lined shore crab, Pachygrapsus crassipes 
(Beheshti et al. 2022).

Experimental Transect and Hydrologic Parameters Measured

For this study, we focused on a 60-m experimental transect 
across a hillslope-to-salt-marsh continuum located in the 
upper northwest section of ES (Fig. 1). The salt marsh sec-
tion extends over the lower ~ 24 m of the transect with an 
elevation range of 0.24 m (all elevations relative to NAVD88). 
The salt marsh section of the transect is tidally influenced, 
with a local tidal range of −0.54 to 2.21 m. We delineated the 
salt marsh by elevation into upper (1.71 m), middle (1.65 m), 
and lower (1.59 m) positions based on differences in average 
tidal inundation duration: 5.4%, 7.2%, and 9.6%, respectively 
(Fig. 1B–C). Further, we demarcated an upland position ~ 6 m  
inland from the upper marsh within the terrestrial-marine 

Fig. 2  Time series of pre-
cipitation (A) and subsurface 
water level (WL) in the upland 
(B) and across the salt marsh 
(C–E). The figure shows data 
for two water years (2020 and 
2021) and illustrates the sea-
sonal variations in the terrestrial 
water level as measured in the 
upland position (B). The water 
level elevations are relative 
to NAVD88. The Mediter-
ranean climate of the study 
area, with marked seasonality 
in precipitation (A), results in a 
drop of 1.34 m in the terrestrial 
groundwater level between the 
rainy and the dry seasons. The 
horizontal dashed lines in C–E 
represent the salt marsh eleva-
tion at each marsh position. The 
symbols are δ 18O time series 
across the different positions. 
The small symbols correspond 
to shallow samples ( ≤ 50 cm-
bgs), and the larger symbols 
correspond to deep samples 
(> 50 cm-bgs). The horizontal, 
solid, gray line in B–E marks 
the zero δ 18O value. (C–E) 
show the tidal record over the 
study period (ES tides). Notice 
that spring tides flood the salt 
marsh platform
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transitional zone at an elevation of 2.78 m. We also designed 
a terrestrial position in the contributing hillslope, hereafter 
referred to as the hillslope position, ~ 30 m from the upland 
position, at an elevation of ~ 6 m (Fig. 1B–C).

To study the spatiotemporal variations of the salt marsh 
hydrology, we established a network of observation and 
sampling piezometers. At the three salt marsh positions, 
we installed a network of 70 cm below-the-ground-surface 
(bgs) observation piezometers where we measured water 
level at 5-min intervals with Solinst pressure transducer 
loggers with accuracy of ± 3 mm (Grande et al. 2022b; Lev-
elogger 5,Ontario, Canada). The observation piezometers 
had a 15-cm screen at the bottom. At each marsh position, 
we installed shallow sampling piezometers at 10, 30, and 
50 cm-bgs (Fig. 1C). Further, at each transect position 
(hillslope to lower marsh), we established deeper piezom-
eters of various depths (1–3 m-bgs) used for water sam-
pling (Fig. 1C; S2). Except for the hillslope piezometer, 
we measured water level at 5-min intervals with Solinst 
pressure transducer loggers in the deep piezometers (S2). 
We also used a Solinst pressure transducer to measure air 
pressure at the transect at 5-min intervals to barometrically 
correct the water pressure measurements to calculate the 
water level. Data gaps in the water level records of the deep 
piezometers caused by pumping during sampling varied 
between hours to weeks. However, because we did not use 
time series analysis in this study, we did not fill the data 
gaps (e.g., Fig. 2B).

Ancillary Data

To account for multiscale climate forcing (seasonal and 
sub-daily) effects on the salt marsh hydrology, we used 
hourly meteorological data from the Elkhorn Slough Mete-
orological Station, located ~ 4.5 km from the study site 
(36°48′55″, −121°44′17″). The station is managed and main-
tained by the National Estuarine Research Reserve System 
(NERR 2022). Our analyses used relative humidity, baro-
metric pressure, precipitation, wind speed, total photosyn-
thetically active radiation (PAR), and air temperature (S3).

Methodology

Isotopic and Electrical Conductivity Measurements

To improve our understanding of the surface water-GW 
exchanges at the terrestrial-marine interface, we conducted 
periodical subsurface, surface, and precipitation water 
sampling across the field site (Fig. 2). Water samples were 
analyzed for three complementary tracers (electrical con-
ductivity (EC), stable water isotopes, and tritium) that ena-
bled us to understand different aspects of the salt marsh 
hydrology: the degree of mixing between terrestrial and 
marine sources, the effects of evaporation and transpiration, 
and water ages and flow velocities. EC/salinity is subject 
to mixing and concentration by evaporation and transpira-
tion. Stable isotopes are subject to mixing and fractionation 
by evaporation only. With these two tracers, the degree of 
mixing and the partitioning between evaporation and tran-
spiration could be established. Tritium is subject to mixing 
and radioactive decay. Combined with the mixing fractions 
derived from stable isotopes, tritium provides an estimate 
of water age and inversely flow velocity (Beyer et al. 2014). 
The combined interpretation of these tracers also allowed 
us to evaluate the effect of temporal variability in the pre-
cipitation end-member signature.

To study the spatiotemporal distribution of different water 
sources, we collected and analyzed samples for stable water 
isotopes and EC from various depths (n = 86, S4). We collected 
precipitation water at the site using a precipitation funnel, the 
volume of collected water for each sample varied as a result 
of variability in precipitation intensity, amount, and collection 
duration (Table 1). In addition, we collected a sample from the 
tidal creek in winter, during the rainy season (Fig. 2), and two 
irrigation water samples from the agricultural field above the 
study site (Fig. 1A) which is pumped from local GW (~ 400 m  
bgs), hereafter referred to as deep GW. We analyzed 3H in 22 
piezometer samples collected from 11 positions and depths 
and calculated the mean 3H in precipitation from 21 samples.

We analyzed the stable water isotope samples by cavity 
ring down spectroscopy in a Picarro L2130-i at the University 

Table 1  Summary of stable water isotopes of precipitation water 
collected in Elkhorn Slough. The date time start/end refers to the 
date and time at which the storm event sampled started and ended. 

We obtained the precipitation amounts from the National Estuarine 
Research Reserve weather station in Elkhorn Slough (~ 4.5 km from 
the study site). SD is the standard deviation

Date time start Date time end δ18O (‰) δ18O SD (‰) δ2H (‰) δ2H SD (‰) Precip 
amount 
(mm)

10/21/21 00:00 10/22/21 08:00  −3.08 0.09  −12.02 0.19 0.2
10/25/21 08:00 10/26/21 13:00  −5.86 0.11  −33.74 0.20 0.3
11/23/21 00:00 12/28/21 20:00  −6.14 0.12  −30.2 0.23 63.3
12/28/21 20:00 04/12/22 00:00  −4.87 0.05  −27.73 0.03 208.6



1422 Estuaries and Coasts (2023) 46:1417–1437

1 3

of California Santa Cruz (accuracy of 0.025‰ and 0.1‰ for 
δ18O and δ2H, respectively). We measured electric conductiv-
ity of the samples with an Orion Star™ A329 multiparameter 
meter (0.5% accuracy, Thermo Fisher Scientific, MA, USA). 
We analyzed 3H samples at Lawrence Livermore National 
Laboratory by helium-3 accumulation (Clarke et al. 1976; 
Surano et al. 1992).

Local Meteoric Water Line and Line Conditioning Excess

The local meteoric water line (LMWL) is the site-specific 
long-term covariation of � 2H and �18O (Rozanski et al. 1993). 
Thus, conceptually, the LMWL of an area is a simplified rep-
resentation of the average �2H and �18O relationship in precipi-
tation (Putman et al. 2019). For this study, we calculated the 
LMWL using monthly �2H and �18O values from the Online 
Isotopes in Precipitation Calculator (Bowen and Revenaugh 
2003; Bowen 2022) and calculated the unweighted, orthog-
onal-least-squares fit of the relationship between �2H and �
18O at the site. This LMWL is a practical tool that provides a 
hydrologic framework for evaluating hydroclimatic processes 
such as evaporation.

We evaluated the spatiotemporal variations between �
2H and �18O by calculating the deviations from the LMWL. 
We described these variations in terms of the line condition-
ing excess (lc-excess), where lc-excess = �2H − m * �18O − b 
(Landwehr and Coplen 2006), where m and b are the slope 
and the intercept of the LMWL, respectively. The lc-excess 
mathematically expresses the offset between the LMWL and 
the studied samples in dual-isotope space. Most precipitation 
water will lie close to the LMWL and have a nearly zero lc-
excess. When water evaporates, it becomes enriched in heavy 
isotopes such that they deviate from LMWL, and the lc-excess 
value becomes progressively negative during evaporation. 
Therefore, lc-excess is a valuable indicator of evaporative 
fractionation. It is worth noticing that precipitation samples 
can naturally deviate from the LMWL and consequently have 
a nonzero lc-excess. These deviations are accredited to vari-
ations in moisture sources, air mass trajectories, and cloud 
processes (Dansgaard 1964).

Mixing Models, Tritium Ages, and Uncertainty 
Estimations

We explained subsurface water flow directions by study-
ing the different water sources in the salt marsh subsur-
face (e.g., terrestrial and marine/estuarine). For this, we 
used stable water isotopes as tracers. In the analysis, we 
identified two clear end members, Elkhorn Slough sur-
face water (SW), representing marine/estuarine surface 
water, and terrestrial water, represented by precipitation 
and deep GW sampled at the site. We calculated mixing 

ratios between terrestrial and marine (estuarine) water 
using end-member-mixing analysis, where

and

where f (%) is the calculated fraction of each end member 
(estuarine or precipitation/terrestrial, SW or P, respectively), 
and C is the tracer concentration ( �18O value) in the end 
members SW and P and the sample (s). We quantify the 
uncertainty of the mixing using a Gaussian error propagation 
(Genereux 1998) as:

where W is the error (analytical error/uncertainty of the 
tracer measurement).

To understand the flow velocities of subsurface water in 
the salt marsh, we measured 3H activity in subsurface water 
across the experimental transect and compared that with 
3H activity in Elkhorn Slough surface water and precipi-
tation. The 3H activity in precipitation at Elkhorn Slough 
was based on a regional estimate of 3H in precipitation for 
central coastal California (Harms et al. 2016; Visser et al. 
2018) and 3H in precipitation in the city of Oakland, 115 km 
north of the field site (Grande et al. 2020). For samples that 
showed limited mixing with SW, with less than 30% SW 
(i.e., sourced from precipitation infiltration), we calculated 
the apparent tritium age ( � [year]) as:

where �  (year−1) is the 3H decay constant (0.0563/year), 
C
0
 (pCi/L) is the initial 3H activity concentration in pre-

cipitation, and C (pCi/L) is 3H activity concentration in  
the sample. The apparent tritium age calculation is based  
on the assumptions that (1) the sample represents a sin-
gle age (i.e., piston flow distribution model) and (2) that  
the input of tritium in precipitation has effectively been 
constant (i.e., was the same at the time of recharge as  
today). A detailed analysis (S5) of several age distribu-
tion models (e.g., exponential model, dispersion model) 
considering the historical peak of tritium in precipitation 
in the 1960s and 1970s showed that the apparent tritium 
age adequately reflects the mean residence time of most  
likely age models.

We calculated the error of the age �
�
 (years) resulting from 

the analytical uncertainty of the tritium measurement as:

(1)fSW =
Cs − CP

CSW − CP

(2)fSW + fP = 1

(3)

WfSW = WfP =

√

[
fP

CSW − CP

WCP
]

2

+ [
fSW

CSW − CP

WCSW
]

2

+ [
−1

CSW − CP

WCs]
2

(4)� =
ln(

C
0

C
)

�
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where �c (pCi/L) is the uncertainty of the 3H activity con-
centration measured in the subsurface water sample, and 
�C

0
 (pCi/L) is the uncertainty in initial 3H concentration. 

For mixed samples with contributions of both terrestrial 
flow paths and ES surface water, the age uncertainty was 
propagated numerically, by adding random noise (n = 1000, 
normal distribution, standard deviation equal to the measure-
ment uncertainty) to the �18O and 3H measurements. After 
performing the end-member mixing and age calculations on 
the ensemble, we report the mean and standard deviation of 
the ensemble.

For terrestrial sourced samples, we estimated recharge 
flow velocities ( vV (cm/years)) as:

where ΔZ (cm) is the sample depth. We calculated recharge 
rates (qV [cm/years]) as:

where � is the porosity. We measured porosity and bulk den-
sity for each position from soil samples extracted during the 
installation of the piezometers (Grande et al. 2022a).

Because of the study’s various sampling depths and the 
differences in piezometer depths (less than 0.5 m and larger 
than 1.7 m), we grouped the sampling piezometers into shal-
low and deep samples (unless otherwise specified). We refer 
to samples from piezometers with depths ≤ 50 cm-bgs as 
shallow samples and samples from piezometers > 50 cm-bgs 
as deep samples.

Statistical Analysis

We analyzed the normality of all of the data distributions 
using histograms and Shapiro–Wilk tests (Shapiro and 
Wilk 1965) using the “shapiro.test” function in base R (R 
Core Team 2021). We tested if the variations in porewater 
electrical conductivity (EC), 3H, and stable water isotopes 
differed significantly among positions and depths using 
Levene’s test (Schultz 1985). We used a significance level 
( � ) of 0.05 for statistical significance. We used the “lev-
eneTest” function from the “car” package in R (Fox and 
Weisberg 2019). We used the Kruskal–Wallis test (Breslow 
1970) to analyze if EC, 3H, and stable water isotopes are 
identical for the wet and dry seasons and to evaluate dif-
ferences in their porewater signature/activity across depths 
and positions. We used a level ( � ) of 0.05 for statistical 
significance. We used the “kruskal.test” function in base R 
(R Core Team 2021) for this analysis. We further analyzed 

(5)�
�
= �

−1

√

(
�C

C
)
2

+ (
�C

0

C
0

)

2

(6)vV =
�

ΔZ

(7)qV = vV�

all the significant results with pairwise Mann–Whitney U 
test (Rosner and Grove 1999) to correct the significance 
level for multiple comparisons.

Results

Salt Marsh Hydrology and Regional Climate

During the 2020 and 2021 water year study period, we 
observed precipitation totals of 395.1 mm and 280 mm, 
respectively (Fig. 2A). These are both well below the twenty 
year mean annual precipitation for the area (627 mm). We 
also observed marked wet/dry seasonality in the fluctuations 
of the upland water level record (Fig. 2B). Over the study 
period, we observed a difference of 1.34 m between the peak 
terrestrial GW level (2.75 m relative to NAVD88) in the wet 
periods and the lowest level in dry periods (1.39 m).

The terrestrial water level increases during precipita-
tion events/periods (Fig. 2B). Marsh subsurface water lev-
els are subject to daily, biweekly, and seasonal tidal cycle 
inundation dynamics (that vary due to the position of the 
moon/earth), resulting in multiple water level fluctuation 
frequencies (Grande et al. 2022a). Subsurface water lev-
els at the lower marsh position are consistently lower than 
at the upper and middle marsh positions during low tides, 
draining below the marsh land surface elevation in each tidal 
cycle (Fig. 2C–E). However, the subsurface water level in 
the upper and middle marshes did not drop below the marsh 
land surface elevation during the wet and dormant winter 
season. This indicates that the marsh does not drain sub-
stantially between daily tidal cycles during wet periods. As 
the system transitions into the dry seasons, we observed that 
the terrestrial GW levels decreased, and the salt marsh sub-
surface water levels in the middle and upper positions also 
dropped below the salt marsh surface between tidal inunda-
tion periods (Fig. 2B–E).

Electrical Conductivity of Salt Marsh Subsurface Water

EC varied across sampling sites (Table 2), generally decreas-
ing from Elkhorn Slough surface water (SW) and the salt 
marsh positions to the hillslope position (Fig.  3A–D; 
Kruskal–Wallis test: H = 55.1, df = 8, p < 0.0001), although 
not all the positions had different EC values (S6). Nota-
bly, the tidal creek EC was not different from any other 
position. The median SW EC was 55.3 mS/cm and varied 
between 46.6 and 60.7 mS/cm during the dry and wet sea-
sons, respectively (Fig. 3A–D). However, wet/dry seasonal-
ity did not cause significant differences in the EC values of 
SW (Kruskal–Wallis test: H = 0.06, df = 1, p = 0.8). Upland, 
hillslope, and precipitation were all significantly lower than 
SW. EC did not differ significantly between SW and the 
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three salt marsh positions (Kruskal–Wallis test: H = 6.7, 
df = 3, p = 0.3) because of significant seasonal variation 
in the variability of salt marsh EC. Additionally, upland, 
hillslope, and GW were all significantly lower than the EC 
in each of the salt marsh positions (S6).

During the dry season, porewater EC in all marsh posi-
tions was higher than EC in SW due to evapotranspiration 
(Fig. 3A–D). We used this hyper-salinity (EC values ele-
vated above SW) as a valuable geochemical tracer to under-
stand deeper marsh water flow directions and sources. In 
contrast to the dry season, wet season EC in all three marsh 
positions varied from above SW EC to below SW EC due to 
mixing with either precipitation or terrestrial water sources 
(upland, GW). The variance of salt marsh porewater EC was 
more pronounced during the wet season than during the dry 
season (Levene’s test: F(1) = 13.6, p < 0.001). The varying 
degrees of mixing resulted in significant differences between 

the lower, the middle, and upper marsh positions during the 
wet season (Levene’s test: F(2) = 6.1, p = 0.005). However, 
evaporation did not result in significant variations in hyper-
salinity in salt marsh porewater EC during the dry season 
(p = 0.6; Fig. 3A–D) suggesting that a biological control 
(i.e., plant transpiration) places an upper limit to the process 
of salinity concentration. The upper marsh position showed 
the largest range in EC values, indicating the largest degree 
of mixing with terrestrial sources.

The deep salt marsh samples had overall higher EC than 
shallow salt marsh samples (Kruskal–Wallis test: H = 23.8, 
df = 1, p < 0.0001). This difference is caused by lower EC 
values in shallow piezometers as a result of mixing with 
precipitation or terrestrial water during the wet season 
(Fig. 4A). In contrast, there were no significant differences 
in salt marsh EC with depth for the dry season (Fig. 4D; 
Kruskal–Wallis test: H = 1.5, df = 1, p = 0.2).

Table 2  Summary of electrical 
conductivity for precipitation, 
estuarine (SW), tidal creek, 
deep groundwater, lower marsh 
(Low), middle marsh (Mid), 
upper marsh (Upp), upland 
(Upl), and hillslope positions 
(Hill). n is the number of 
samples

EC (mS/cm) Wet season EC (mS/cm) Dry season EC (mS/
cm)

Sample Min Max Mean n Min Max Mean Min Max Mean

Precip 0.01 0.2 0.06 4 0.02 0.2 0.11 0.01 0.02 0.02
SW 46.59 60.7 55.3 4 58.3 60.7 59.5 46.6 52.3 49.4
Tidal creek 24 1 24
Deep GW 0.8 0.8 0.8 2 0.8 0.8 0.8 0.8
Low 27.7 67.4 58.3 21 27.7 66.7 51.9 53.1 67.4 59.1
Mid 42.9 69.4 61.8 17 42.9 69.5 56.6 56.1 67.0 64.1
Upp 10.4 75.2 54.2 19 10.4 75.3 47.6 51.9 65.7 61.5
Upl 0.02 23.7 5.7 14 2.5 10.2 5.5 0.02 23.7 6.3
Hill 1.7 2.7 2 4 1.7 1.8 1.7 1.9 2.7 2.3

Fig. 3  Boxplots of conductivity 
(A–D), δ.18O (B–E), and lc-
excess (C–F) for all estuarine/
surface water (SW), lower 
marsh (low), middle marsh 
(mid), upper marsh (Upp), 
upland (Upl), and hillslope 
positions (Hill), and precipita-
tion (P). A–C correspond to 
the wet season, whereas D–F 
correspond to the dry season. 
The inverted triangle symbol 
represents the deep groundwater 
sample collected from the irri-
gation well in the agricultural 
field above the field site (S1)
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Stable Water Isotopes as Tracers of Subsurface 
Water Exchange in Salt Marsh Systems

Stable water isotope values varied across the transect 
(Table 3). The stable water isotope analysis revealed two 
end members: SW (mean δ18O = 0.22 ‰), representing the 
marine end-member, and deep GW from the area (mean 
δ18O =  −5.93 ‰), likely representing the long-term signa-
ture of local precipitation (Fig. 5). Precipitation water col-
lected at the site had a mean δ18O and a standard deviation 
δ18O of −4.99‰ and 1.38‰, respectively (Table 3). Ter-
restrial water samples (upland and hillslope) and wet season 
precipitation closely resemble the low δ18O value of GW, 
while dry season precipitation shows a larger range in δ18O. 
The lower and middle marsh positions were isotopically 
heavier (i.e., higher δ18O values), and more similar to SW 
(i.e., not different from SW), than the upper marsh and the 
other terrestrial samples (Fig. 3B–E; S7).

The effect of wet/dry seasonality in the three salt marsh 
positions resulted in lower δ18O values in the wet season 
than in the dry season (Fig. 3B–E; Kruskal–Wallis test: 
H = 15.9, df = 1, p < 0.0001) as a result of terrestrial inputs 
into the salt marsh. However, wet/dry seasonality did not 
affect the terrestrial positions (Fig. 3B–E).

During the wet season, the shallow samples were iso-
topically lighter than the deep samples as a result of ter-
restrial or precipitation inputs (Fig. 4B–E; Kruskal–Wallis 
test: H = 8.5, df = 1, p = 0.003). However, in the dry season, 
shallow samples were isotopically heavier than the deep 
samples, possibly as a result of evaporative fractionation 
(Fig. 4B–E; Kruskal–Wallis test: H = 5.3, df = 1, p = 0.02). 
Moreover, for individual marsh positions, the differences in 
isotopic composition and depth were only significant for the 
lower and upper marsh positions in the wet season and the 
upper marsh in the dry season (Fig. 4B–E). The tidal creek 
sample collected after a precipitation event in the wet winter 

Fig. 4  Boxplots of conductiv-
ity (A–D), δ 18O (B–E), and 
lc-excess (C–F) for the three 
marsh positions, lower marsh 
(low), middle marsh (mid), and 
upper marsh (Upp), separated 
by shallow (purple) and deep 
(orange) sampling depths. A–C 
correspond to the wet season 
whereas D–F correspond to the 
dry season. The asterisks demar-
cate significant differences

Table 3  Summary of stable 
water isotopes and lc-excess 
for precipitation, estuarine 
(SW), tidal creek, deep 
groundwater, lower marsh 
(Low), middle marsh (Mid), 
upper marsh (Upp), upland 
(Upl), and hillslope positions 
(Hill). *δ2H volume weighted 
mean =  −28.3‰, #δ18O volume 
weighted mean =  −5.2‰

Sample δ18O (‰) δ2H (‰) LC_excess (‰) n

Min Max Mean Min Max Mean Min Max Mean

Precip −6.14 −3.08 −4.99# −33.74 −12.02 −25.92* 5.5 6.5 8.1 4
SW 0.04 0.96 0.37 −1.27 5.34 0.32 −3.08 −1.10 −2.24 4
Tidal creek −4.94 −26.01 7.69 1
Deep GW −5.93 −5.93 −5.93 −37.75 −37.75 −37.75 3.02 3.02 3.02 2
Low −3.88 1.14 0.03 −19.77 5.69 −0.03 −0.94 −4.02 6.44 21
Mid −1.91 0.39 −0.24 −12.61 1.76 −2.20 −1.95 −3.57 0.85 17
Upp −4.47 −0.01 −1.54 −27.94 −1.61 −10.74 −1.12 −3.97 3.30 19
Upl −5.61 −4.04 −5.14 −34.23 −24.64 −32.22 3.80 0.18 5.96 14
Hill −5.72 −4.51 −5.25 −37.40 −27.75 −32.38 3.06 1.87 6.09 4
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season (12/28/2021; Fig. 2A) had an unusually light isotopic 
signature with δ18O = −4‰, suggesting a large component 
of terrestrial water, and was similar to shallow samples col-
lected in the lower marsh during the wet season (Fig. 6).

Local Meteoric Water Line and Line Conditioned Excess

Based on interpolated δ2H and δ18O estimates of precipita-
tion values in the area downloaded from the Online Isotopes 
in Precipitation Calculator database, the LMWL has a slope 
of 7.1 and an intercept of 1.6 (Fig. 6). The different precipi-
tation events we sampled at the site during the 2022 water 
year do not align with the LMWL or the volume-weighted 
mean of these local precipitation samples (S8; Table 3). 
However, the deep GW samples fall on the LMWL, sug-
gesting that this water is a good indicator of the long-term 
precipitation in the area (Fig. 6).

Lc-excess varied among transect positions (Fig. 3C–D). 
Negative and near-zero lc-excess values in SW contrast 
with positive lc-excess in the upland, hillslope, deep GW, 
and precipitation samples (Table 3; Kruskal–Wallis test: 
H = 51, df = 8, p < 0.0001). However, we found that not all 
the relationships were significantly different (S9). Notably, 
the lc-excess differed significantly among the three salt marsh 
positions and the terrestrial positions (S10; Kruskal–Wallis 
test: H = 25.3, df = 1, p < 0.0001). Further, we found that 
wet/dry seasonality did not result in significant differences 
in lc-excess in any position (Fig. 3C–F; Kruskal–Wallis test: 

H = 0.3, df = 1, p = 0.6). lc-exchange differed among shallow 
and deep samples in the salt marsh during the wet season 
(Kruskal–Wallis test: H = 10.6, df = 1, p = 0.001), but not 
during the dry season (Kruskal–Wallis test: H = 0.1, df = 1, 
p = 0.7; Fig. 4).

Typically, evaporative fractionation results in progressively 
lower lc-excess values as δ2H and δ18O shift along a line with 
a slope of 5. We find no clear indication of evaporative frac-
tionation in our samples. While the lc-excess of marsh water 
varies between 7 and −2‰, the range of values can largely 
be explained by the mixing between precipitation (6–12‰), 
terrestrial sources (3–6‰), and SW (−1 to −3‰; S10). In the 
dry season, several samples plot below the mixing line, with 
more negative lc-excess values than mixing could explain, 
suggesting limited effect of evaporative fractionation.

Estuarine Surface Water and Terrestrial Water Mixing

The salt marsh positions had significantly higher frac-
tions of SW than the upland and hillslope positions (Fig. 7; 
Kruskal–Wallis: H = 33, df = 4, p < 0.0001). However, not 
all salt marsh positions were significantly different from 
another (S11). Further, the upper marsh position differed 
significantly from the lower and middle marsh, and from the 
upland and hillslope positions (S11).

The effect of wet/dry seasonality was evident in the 
fractional mix of SW and terrestrial water. The fraction 
of SW water in the salt marsh was larger in the dry season 

Fig. 5  Biplot of δ.18O and electrical conductivity of wet and dry sea-
sons with precipitation (precip), groundwater from the agricultural 
field adjacent to the study site (Deep GW), Elkhorn Slough surface 
water (SW), the tidal creek, the lower marsh (Low), the middle marsh 
(Mid), the upper marsh (Upp), the upland position (Upl), and the 
hillslope position (Hill). The mixing line connects the deep ground-
water, representing the long-term mix of local precipitation, and the 

mean Elkhorn Slough surface water, representing marine water. All 
the samples are separated by shape and color (see the figure legend). 
The size of the points separates shallow (smaller symbols) and deep 
samples (larger symbols). The error bars are the standard deviation 
(analytical uncertainty) from individual measurements (notice that in 
most samples the error bars are within the symbol size)
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than in the wet season (Table 4). Notably, the median 
fraction of estuarine surface water varied between 0.64 
and 0.83 in the upper marsh position for the wet and dry 
seasons, respectively. During the dry season, six samples 
had higher δ18O than SW, and during the wet season, one 
sample had higher δ18O than SW, resulting in fractional 
mixing ratios above 100% (Fig. 7). However, we did not 
find significant differences in wet/dry seasonality for the 
upland and hillslope positions.

During the wet season, shallow samples had smaller 
fractions of SW than deep samples (Fig. 8; Kruskal–Wallis:  
H = 8.5, df = 1, p = 0.003). These results contrast with the 
dry season, when shallow samples had higher fractions 

of SW than the deep samples (Kruskal–Wallis: H = 5.4, 
df = 1, p = 0.02). This variation in shallow mixing ratios 
is caused by precipitation and terrestrial sources mixing 
in the shallow subsurface, while deep marsh water appears 
to have a more consistent origin.

Tritium as a Salt Marsh Porewater Age Tracer

The activity of 3H in precipitation was based on 21 samples 
collected between 2014 and 2022 (Table 5). 3H activities 
for the available samples varied between 4.0 pCi/L and 
14.5 pCi/L. Each sample represented between 0.2 and 7% 
of the total precipitation in the water year it was collected. 

Fig. 6  Dual isotope plot of wet and dry seasons with precipita-
tion (precip), groundwater from the agricultural field adjacent to 
the study site (Deep GW), Elkhorn Slough surface water (SW), the 
tidal creek, the lower marsh (Low), the middle marsh (Mid), the 
upper marsh (Upp), the upland position (Upl), and the hillslope posi-
tion (Hill). The local meteoric water line (LMWL) is δ 2H = 7.1 × δ
.18O + 1.6. The mixing line connects the deep groundwater, represent-

ing the long-term mix of local precipitation, and the mean Elkhorn 
Slough surface water, representing marine water. All the samples are 
separated by shape and color (see the figure legend). The size of the 
points separates shallow (smaller symbols) and deep samples (larger 
symbols). The error bars are the standard deviation (analytical uncer-
tainty) from individual measurements (notice that in most samples 
the error bars are within the symbol size)

Fig. 7  Boxplots of fractions of 
estuarine water (Elkhorn Slough) 
across the different positions for 
the wet (A) and dry seasons (B) 
calculated using δ 18O as a tracer. 
Notice that during the dry sea-
son, some salt marsh samples are 
isotopically heavier than Elkhorn 
Slough water
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Because we found no correlation with sample date 
(R2 < 0.01), daily precipitation amount (R2 < 0.01), mean 
daily temperature (R2 = 0.13), or wind direction (R2 = 0.09, 
S12), we considered these values to be randomly sampled 
from the natural distribution of 3H in precipitation and 
calculated the mean (8.6 pCi/L) and standard deviation 
(3.3 pCi/L) and used the uncertainty around the mean (0.7 
pCi/L) for uncertainty propagation.

3H in subsurface water varied between 5.4 and 1.9 pCi/L 
in the upland and lower marsh, respectively (Fig. 9A). The 
deep GW sample contained less than 1 pCi/L 3H (Fig. 9B) 
suggesting it recharged entirely before the 1950s. Shallow 
samples had higher 3H activity concentrations than the deep 
samples for these marsh positions (Fig. 9A; Kruskal–Wallis: 
H = 4.5, df = 1, p-value = 0.03).

Along the transect, 3H is subject to both mixing of 
different sources, and radioactive decay reflecting the 
time since infiltration. We used δ18O to evaluate mix-
ing and reconstruct the initial 3H concentration from 
which we calculated water age (Fig.  9B). The upper, 
upland, and hillslope deep piezometer samples are mix-
tures between the terrestrial and ES water. The degree 
of mixing in the hillslope sample is negligible (f_
ES = 0.03 ± 0.03) and the apparent tritium age of 12.7 
− 1.8 years. The degree of mixing in the upland sample 

is limited (f_ES = 0.20 ± 0.02), and the apparent tritium 
age in the shallower piezometer (250 cm) is younger 
(5.8 ± 1.8 years) than in the deeper hillslope piezometer 
(430 cm). Due to the mixing in the Upper Marsh position 
(f_ES = 0.17 ± 0.03), the uncertainty associated with the 
apparent tritium age is larger (11.8 ± 5.6 years), but the age 
is within the range of the upland and hillslope piezome-
ters, suggesting converging terrestrial flow paths mix with 
marsh subsurface water. 3H activities of lower and middle 
positions cluster closely around the ES SW value, sug-
gesting the activities are not affected by significant decay. 
Assuming the ES SW value as the initial concentration, the 
age in the middle marsh deep piezometer is 2.3 ± 4 years, 
providing an upper limit to the range of ages in the marsh.

The analysis of these ages results in varying values of 
recharge velocity and recharge rates along the transect. 
Recharge velocities of 34 and 43 cm/year in the upland and 
hillslope positions (respectively) translate to a recharge 
rate of 13 cm/year (considering differences in porosity). 
For the lower marsh positions, vertical flow velocities of 
more than 1 m/year, based on the young ages in the deep 
piezometers, are consistent with the seasonal variability 
observed in the shallower piezometers. These differences 
in recharge velocities, and their corresponding recharge 
rates (Table 6), reflect different positions along flow paths 
with different origins and salinity, as demonstrated by the 
mixing ratios discussed previously.

Discussion

The results of this study provide important conceptual 
insights into surface water-subsurface water exchanges at the 
terrestrial-marine interface, especially for salt marsh systems. 
This study demonstrates that a combination of stable water 
isotopes, tritium, and electrical conductivity in subsurface 
water of a hillslope to salt marsh continuum is a valuable 
tool to understand the effect of wet/dry seasonality typical to 

Table 4  Summary statistics of Kruskal–Wallis test showing the effect 
of wet/dry seasonality in the fractional mix of estuarine surface water 
for the three salt marsh positions. All the relationships had one degree 
of freedom and a p-value < 0.01

Marsh position Median fraction 
wet season 
estuarine surface 
water (%)

Median fraction 
dry season 
estuarine surface 
water (%)

Kruskal–
Wallis: H

Lower 0.89 1.0 7.8
Middle 0.9 0.98 6.3
Upper 0.64 0.83 8.4

Fig. 8  Boxplot of fractional mix 
of Elkhorn Slough water in the 
three salt marsh positions sepa-
rated by wet (A) and dry seasons 
(B). The asterisks demarcate 
significant differences
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Mediterranean climates in the subsurface flow direction and 
porewater exchange. Our general results on the hydrological 
processes of the salt marsh subsurface agree with previous 
studies based on numerical models informed by piezometers 
and seepage meters (Michael et al. 2005), porewater salinity 

(Shen et al. 2015), and radon isotopes (Smith et al. 2008; 
Wang et al. 2021c). However, our study provides additional 
insights on porewater flow velocities, subsurface saltmarsh 
water recharge, and discretizes evaporation and transpiration 
processes in the salt marsh subsurface.

Table 5  Summary of tritium 
results in precipitation. *Grande 
et al. (2022a, b, c); #Harms et al. 
(2016); &unpublished. The error 
of the weighted mean is the 
standard error of the mean. % 
of WY Precip is calculated as 
the precipitation depth from a 
given event (mm) divided by the 
total precipitation for that water 
year (mm)

Date 3H (pCi/L) 3H error 
(pCi/L)

Precip (mm) % of WY 
Precip

Location

03/05/13 6.0 0.4 20 5 Oakland#

02/07/14 6.9 0.6 16 4 Oakland#

03/26/14 4.0 0.4 25 6 Oakland#

03/29/14 14.8 0.8 24 6 Oakland#

02/06/15 4.4 0.3 35 6 Oakland#

07/09/15 11.7 0.5 3 0 Oakland#

09/16/15 5.7 0.2 4 1 Oakland#

11/02/15 7.3 0.4 12 2 Oakland#

11/09/15 8.8 0.6 10 2 Oakland#

11/24/15 12.2 0.6 6 1 Oakland#

10/14/16 10.0 0.5 33 4 Oakland*
03/03/18 13.1 0.7 1 0 Oakland*
04/07/18 10.0 0.5 27 5 Oakland*
03/05/21 4.9 0.2 6 2 Oakland&

03/06/21 4.9 0.3 2 1 Oakland&

03/09/21 9.1 0.9 9 3 Oakland&

03/10/21 10.0 0.4 12 4 Oakland&

03/11/21 11.2 0.5 2 1 Oakland&

03/14/21 13.3 0.6 10 3 Oakland&

10/22/21 6.1 0.4 22 7 Elkhorn Slough
12/28/21 5.6 0.2 0 0 Elkhorn Slough
Mean 8.6
SD 3.3
n 21
Unc. mean 0.7

Fig. 9  Barplot of tritium in 
subsurface water (A) and δ 18O 
and 3H biplot illustrating the 
mixing and decay processes for 
the different positions (B). The 
terrestrial age was calculated 
from the interception of the 
mixing line and the decay lines. 
The labels in the bars in (A) are 
the month/year when the sam-
ples were collected. The names 
of each sample in (A) also 
show the depth of the sample in 
brackets. The error bars are the 
analytical error. The error bar of 
the precipitation is the standard 
error of the mean. GW is the 
deep groundwater sample
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Salt Marsh Subsurface Water Evapotranspiration 
Signatures Differ by Season

Salinity concentration in salt marsh subsurface water at 
Elkhorn Slough is primarily controlled by plant transpira-
tion as stable water isotopes revealed no major evaporative 
fractionation (Fig. 6). Subsurface water salinity in the salt 
marsh, and consequently EC, can increase due to evapora-
tion and plant transpiration, and decrease by dilution from 
lower salinity waters such as precipitation, SW, and fresh 
GW (Nuttle and Hemand 1988; Miklesh and Meile 2018). 
In Mediterranean climates, the growing season coincides 
with the dry season (Feng et al. 2019), creating “ideal” 
conditions for high evapotranspiration that can result in 
elevated subsurface water EC during the dry summer sea-
son. Salinity at the surface varied between sub-SW in wet 
periods (due to precipitation and terrestrial, freshwater 
inputs; Fig. 3A–D), similar to SW (during the transition 
between wet-dry seasonality), and elevated-SW (during 
the dry growing season; Fig. 5). The absence of clearly 
evaporated samples, based on both lc-excess and stable 
water isotopes (Fig. 3C–F; Fig. 6), suggests plant uptake 
of water as the dominant mechanism for excess EC in salt 
marsh subsurface water.

A special case of observation bias could also result in 
the lack of evidence for evaporative fractionation in the 
salt marsh subsurface while salinity is elevated above the 
SW source end-member: evaporated (fractionated) water 
is produced at the land surface, where it is frequently 
inundated and thus flushed out (Grande et al. 2022a). 
During the study, we saw changes in the saturation stage 
in the salt marsh subsurface with different hydrologic 
dynamics during wet and dry periods (Fig. 2C–E). In 
the dry season, the salt marsh subsurface drains below 
the salt marsh elevation at intra-tidal scales, resulting in 
vertical hydraulic gradients that favor SW infiltration/
recharge during spring tides. Plant uptake happens below 
the surface. Thus, inundation could not flush away high 
EC water resulting from transpiration. Periodic evapora-
tion and recharge from lake beds during the Pleistocene at 
Gold Flat Playa (Nevada, USA) also resulted in elevated 
salinity without isotopic evidence of evaporative fraction-
ation in the Pahute Mesa groundwater system (Kwicklis 
et al. 2021).

Seasonality Drives Dry Season Recharge 
of Hyper‑salinity Water to the Salt Marsh Subsurface

Hyper-salinity is only found during the dry growing season 
in shallow salt marsh water, but is observed throughout the 
year in the deep salt marsh samples. This hyper-salinity con-
dition in the shallow wells is a result of evapotranspiration at 
the surface or plant water uptake at the rooting depth. This 
suggests that the dry season shallow water is the source of 
the deep hyper-salinity water and that recharge of the deep 
salt marsh system must occur during the dry growing season 
(Fig. 10). Shallow low-salinity groundwater observed during 
the wet season cannot be the source of deep groundwater, 
because it would retain the low salinity signature as there is 
no mechanism to increase the salinity below the root zone. 
This unusual timing of recharge is explained by the relatively 
lower deep groundwater levels during the dry season, which 
allow for downward vertical flow. Higher water tables dur-
ing the wet season limit the downward vertical flow; thus, 
recharge cannot take place in winter. Salt marsh recharge 
has been studied in the context of the primary mechanisms 
by which the salt marsh subsurface is recharged. For exam-
ple, freshwater can recharge the salt marsh subsurface verti-
cally due to direct precipitation on the salt marsh (Hemond 
et al. 1984), or from underlying aquifers (Nuttle and Harvey 
1995), laterally from upland terrestrial GW inflow (Wilson 
et al. 2015b), or streams and drainage channels connected to 
the salt marsh (Zhao et al. 2021). Further, salt marshes can 
also be recharged by saline water that occurs vertically dur-
ing spring tides that flood the salt marsh or laterally through 
the drainage creek banks during rising tides (Harvey et al. 
1987). However, less is known about the temporal changes 
in salt marsh subsurface water recharge. Here, we showed 
that deep salt marsh samples are recharged during the dry 
growing season (Fig. 10).

Subsurface Flow Direction Across the Hillslope 
to Salt Marsh Continuum

Wet season precipitation increases terrestrial GW levels, 
driving observed salt marsh hydrologic patterns (Fig. 2). In 
the wet season, precipitation recharges GW in the hillslope 
and upland positions, resulting in a hydraulic gradient from 
the upland towards the salt marsh. Stable water isotopes 

Table 6  Summary of tritium 
ages, recharge flow velocities, 
and recharge rates of subsurface 
water across the study transect

Date Position Depth (cm) Age (years) Age uncer-
tainty (years)

Recharge flow 
velocity (cm/year)

Recharge 
rate (cm/
year)

11/12/20 Upl 250 5.8 1.7 43 13
11/12/20 Hill 430 12.7 1.8 34 13
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revealed a decrease in terrestrial source contribution from 
the upland to the lower salt marsh position (i.e., an increase 
in the fraction of SW coastward), confirming the water 
level measurements (Fig. 7). The stable isotope data cor-
roborated the trends in salinity that suggest that lower 
marsh positions are more often inundated. Our results 
align with previous estimations in other salt marsh systems 
using numerical models and salinity gradients that have 
suggested that upper marsh positions are more influenced 
by terrestrial waters than lower marsh positions (Wilson 
and Gardner 2006; Wilson et al. 2015b).

Identifying the terrestrial end-member is critical for 
understanding the interactions between terrestrial and 
marine waters, as it permits us to account for freshwater con-
tributions to the coastal ocean. Most of the research at the 
terrestrial-marine interface focuses on identifying subma-
rine GW discharge or porewater exchange fluxes. However, 
only recently some researchers have focused on identify-
ing the fraction of terrestrial freshwater from marine water 
using, for example, airborne thermal infrared (Tamborski 
et al. 2015), a combination of remote sensing and radon-222 
(Cheng et al. 2020), water balance of the discharging aquifer 
(Zhou et al. 2019), salinity (Ibánhez et al. 2021), and stable 
water isotopes (Rocha et al. 2016; Wang et al. 2021a). We 
observed that the isotopic signature of the hillslope and the 
upland positions was similar to the deep GW sample from 
the regional aquifer (Fig. 7). It is worth noting that the deep 
GW sample might be fossil water and reflect paleoclimatic 
conditions, but its similarity with the water sampled from 
the hillslope and upland positions suggests this is not the 
case (Fig. 6). Furthermore, the terrestrial end-member is not 
necessarily the same as the weighted precipitation average 
measured during the study due to land surface processes 

that can affect the isotopic composition of the sample during 
recharge (i.e., evaporation).

The lower and middle marsh positions have a dominant 
SW source, while the upper marsh position is always a mix 
of terrestrial and SW (Fig. 7). Previous studies have suc-
cessfully used salinity/EC to study marine intrusion/recharge 
in coastal areas (Michael et al. 2003; Cardenas et al. 2010; 
Santos et al. 2021). However, EC was not a good tracer in 
this site because it is affected by evaporation and transpira-
tion, resulting in a significant excess in subsurface water 
EC higher than the marine end-member for several samples 
(Fig. 3). Stable water isotopes proved to be a more conserva-
tive tracer than EC and provided more robust estimations of 
the fractional mix of SW across the study transect (Fig. 10).

Wet/dry seasonality drives the direction of subsurface water 
flow in the salt marsh system (Fig. 7). These findings are also 
in line with previous work based on hydraulic gradients in 
coastal aquifers showing that a shift in the freshwater–saltwater 
interface, influenced by seasonal variations in terrestrial GW 
levels, can justify saline discharges that lag inland recharge 
cycles (Michael et al. 2005). Our results show that SW is 
drawn into upper marsh positions as the terrestrial–marine 
water interface moves landward during the dry season and 
discharges back into estuarine waters as the interface moves 
coastward during wet periods (Fig. 7A). We found a connec-
tion between this Mediterranean climate’s marked wet/dry 
seasonality, controlling terrestrial hydrological processes, and 
the salt marsh subsurface water, influenced by estuarine water 
contributions. These hydrological fluxes are important driv-
ers of biochemical processes and chemical loadings in coastal 
waters that have shown shifts in salt marsh biogeochemical 
behavior as a function of wet/dry seasonality (Grande et al. 
2022c). The wet/dry seasonality results in significant shifts of 

Fig. 10  Conceptual model of the study transect for the wet (A) and 
dry seasons (B). Semidiurnal, the salt marsh is flooded resulting in 
surface water-subsurface water exchanges. Frequent flushing of shal-
low subsurface water in the marsh results in subsurface water ages in 
the order of ~ 0 years, while subsurface water ages at depth increase 
from the hillslope towards the lower marsh. The dashed arrows in the 

subsurface indicate the major flow pathways. Vertical arrows repre-
sent subsurface recharge to the terrestrial aquifer (blue) and the salt 
marsh (green). Although subsurface water is super-saline, we did not 
find any evaporative signal in our samples, indicating that plant tran-
spiration is a first order driver increasing salinity in subsurface water. 
The salt marsh subsurface is recharged during the dry season
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the terrestrial-marine water interface across depths. However, 
the seasonality is limited to the shallow marsh, with more vari-
able ranges of estuarine water fraction during wet periods. In 
contrast, the deep salt marsh sample did not experience sig-
nificant shifts in the water sources across wet and dry periods.

On shorter time scales, hydrological fluxes are driven by 
precipitation, as precipitation water exchanges with shal-
low salt marsh subsurface water, leading to distinct isotopic 
signatures (similar to terrestrial water sources) in the tidal 
creek and shallow subsurface water samples collected dur-
ing and after episodic precipitation events (Fig. 6). Notably, 
many of these samples were collected during spring tides; 
thus, our findings show that terrestrial water inputs to the 
salt marsh are not significantly diluted by frequent tidal 
inundation. During precipitation events, terrestrial water 
can be delivered to the salt marsh as overland flow through 
the intermittent streams and drainage network at the study 
transect (S1), by infiltration of direct precipitation on the 
salt marsh, or by subsurface flow as the hillslope and upland 
positions become saturated and contribute freshwater to the 
shallow salt marsh subsurface. Recent works conducted at 
this site using high-frequency measurements of subsurface 
water nitrate (Grande et al. 2022c) and wavelet and infor-
mation theory on continuous redox potential (Grande et al. 
2022a) have proposed that precipitation water disturbed 
the subsurface water chemistry at shallow depths (down to 
50 cm-bgs) over short periods from the onset of precipita-
tion. Our results using stable water isotopes confirm these  
previous findings.

Tritium Ages Constrain Subsurface Flow Velocities 
and Recharge Rates

While the shallow (10–50 cm) depths of the salt marsh are 
flushed regularly by tidal inundation (Grande et al. 2022a), 
tritium ages show water moves through the deeper (~ 3 m) 
salt marsh on a time scale of 0–6 years. These ages constrain 
the water recharge component of subsurface flow velocities 
to 34–43 cm per year (Table 6). The substantial uncertainty 
(1.7–5.6 years) of the age estimates, and consequently the 
velocities, stems from the reconstruction of the initial 3H 
activity concentrations of mixed samples (based on δ18O) as 
well as input variability. These initial tritium-based velocity 
estimates provide valuable constraints to numerical models 
aimed at understanding the complex three-dimensional tran-
sient subsurface flow field.

Shallow salt marsh porewater has been proposed to have 
short residence times throughout the literature. Researchers 
have found that shallow subsurface waters in marsh systems 
are affected by near-surface and lateral flow paths, resulting 
from tidal inundations and tidal pumping, with short resi-
dence times (Tamborski et al. 2021). Other researchers have 
used radon mass balances to study lateral fluxes of carbon 

and methane from a low salt marsh position to a tidal creek, 
finding high fluxes from shallow samples that suggest short 
residence times (Chen et al. 2022). These findings have been 
mostly described in lower marsh positions, where hydraulic 
conductivity is usually higher (Xiao et al. 2019). However, 
using a tracer specific for subsurface water dating, we show 
that short residence times are expected in shallow subsurface 
waters across higher marsh positions as well. Tritium ages 
and recharge flow velocities, in combination with radiocar-
bon analyses, are powerful constraints for the interpretation 
and quantification of carbon turnover times, such as salt 
marshes or peatland ecosystems (Wilson et al. 2021).

Subsurface water ages in the deep samples varied along 
the transect. In the lower salt marsh, subsurface waters are 
younger and recharge flow velocities are higher, indicat-
ing a short water residence time in this position and a more 
frequent surface water-subsurface water exchange (Table 6). 
This observation aligns with the conceptual understand-
ing of lower marsh positions, which are more affected by 
secondary porosity, such as animal burrows, and thus have 
higher hydraulic conductivity that favors water circulation 
(Guimond and Tamborski 2021). The deep middle and upper 
marsh positions presented water ages from a few years to 
a decade (Table 6). The isotopic composition of the deep 
samples did not vary significantly during the study period 
(Fig. 4B–E), confirming that these positions have a longer 
residence time and that this water is not affected by episodic 
events, such as king tides or precipitation events.

Implications for Carbon Storage and Water Quality

The short residence time of shallow subsurface water in 
the salt marsh has important implications for our concep-
tual understanding of carbon storage in salt marsh systems. 
Given their high rates of primary productivity and slow 
decomposition in anoxic soils, salt marshes can store carbon 
for extended periods (Kathilankal et al. 2008). However, soil 
oxidation, due to the circulation of oxygen-rich surface water 
recharging the shallow salt marsh subsurface, with a short 
residence time, has the potential to increase carbon oxidation 
and release back into the atmosphere (Lee 2008). Further, 
surface water-subsurface water exchanges with short resi-
dence times have been observed to increase the lateral flux 
of inorganic carbon from salt marshes to the coastal ocean 
(Chen et al. 2022).

The bimodal time-scales of subsurface water cycles in the 
salt marsh system can influence our understanding of nutri-
ent budgets, such as nitrate, and the overall water quality of 
coastal zones. In systems such as Elkhorn Slough, where 
high nitrate concentrations are a water quality concern that 
has resulted in eutrophication events (Hicks et al. 2019), 
understanding the water flow velocity and residence time of 
subsurface salt marsh water is valuable in evaluating total 
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nutrient loads or removal potential. Our analysis can improve 
the understanding of nitrate retention in the salt marsh sys-
tem, which had not been considered in this area (Broenkow 
and Breaker 2019; Van Dop et al. 2019). On the one hand, a 
long residence time of deep subsurface water, recharged in 
the summer, can potentially retain nitrate by dissimilatory 
nitrate reduction to ammonium due to the accumulation of 
recalcitrant carbon and sulfides in deep marsh sediments 
(Koop-Jakobsen and Giblin 2009). In contrast, short resi-
dence time and fast exchange of shallow subsurface water 
with SW are influenced by oxygen and nutrient-rich surface 
water to labile carbon-rich shallow sediments that can result 
in nitrogen removal (denitrification) dominating over reten-
tion (Almaraz et al. 2020).

Conclusion

The results of this study provide an empirically informed 
conceptual model into salt marsh water recharge and subsur-
face flow paths. We found that subsurface water cycling has 
two dominant frequencies, seasonal patterns of terrestrial 
inputs that interact with daily tidal cycles driving short-term 
porewater dynamics in the shallow salt marsh. In summer, 
the water sources in the shallow marsh are controlled by tidal 
inundation and pore water uptake by vegetation. During the 
wet winter season, precipitation and terrestrial sources mix 
with daily inputs of SW. This results in fast water cycling in 
the shallow and lower marsh positions, but slower downward 
flow paths to deeper parts of the subsurface in the upper 
marsh, upland, and hillslope positions.

Plant transpiration is the principal driver of increased 
salinity, because no evidence of evaporative fractionation 
is present. Our conceptual model suggests that deeper salt 
marsh subsurface water is preferentially recharged with this 
super-saline water that was formed during summer by plant 
transpiration, while local winter precipitation recharges the 
terrestrial positions. Understanding the subsurface hydrol-
ogy and the spatiotemporal variability of interacting hydro-
geochemical processes in these dynamic hydrologic systems 
where terrestrial groundwater, terrestrial surface water, and 
seawater mix is essential for understanding how salt marshes 
might respond to disturbance or climate change.
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