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Abstract We analyzed the ecosystem effects of low-
temperature events (<5 °C) over 4 years (2009-2012) in sub-
tropical short and long hydroperiod freshwater marsh and
mangrove forests within Everglades National Park. To evalu-
ate changes in ecosystem productivity, we measured temporal
patterns of CO, and the normalized difference vegetation in-
dex over the study period. Both water levels and distance from
the coast influenced the ecosystem response to low-
temperature events. Photosynthetic capacity, or the maximum
CO, uptake rate, and sensitivity to low-temperature events
were much higher in mangrove forest than in freshwater
marsh ecosystems. During low-temperature events photosyn-
thetic capacity was enhanced in freshwater marsh while it
declined in mangrove forests, and respiration rates declined
across Everglades ecosystems. While the long hydroperiod
freshwater marsh gained 0.26 g CO, m * during low-
temperature events, the mangrove forest had the greatest C
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lost (7.11 g CO, m 2 low-temperature event ') followed by
the short hydroperiod freshwater marsh (0.37 g CO, m 2 low-
temperature event '). Results suggest that shifts in the fre-
quency and intensity of weather anomalies with climate
change can alter C assimilation rates in Everglades ecosys-
tems through effects on the photosynthetic capacity of existing
species, which might lead to changes in species composition
and ecosystem productivity in the future.

Keywords Low-temperature events - Everglades National
Park - Ecosystem sensitivity - CO, fluxes - Eddy covariance -
ARIMA models

Introduction

Low-temperature events (i.e. minimum daily temperatures
<5 °C) in subtropical coastal regions can have a strong influ-
ence on landscape structure and community composition (Ross
et al. 2009; Osland et al. 2013; Boucek et al. 2016). With
increasing global temperatures, there is great uncertainty in
how the frequency and intensity of low-temperature events will
change in these regions (Vavrus et al. 2006; Kodra et al. 2011).
In the Everglades region, low-temperature events may become
less common (Vavrus et al. 2006), driving shifts in species
distributions (Osland et al. 2013; Ross et al. 2009) and carbon
(C) dynamics. In the Florida Everglades, extreme events (i.e.
low-temperature events, wildfire, drought, and tropical storms)
are important for shaping the natural character and distribution
of habitats (Davis and Ogden 1994; Osland et al. 2013).
Although the Everglades is in a subtropical region with a
year-long growing season (Davis and Ogden 1994), low-
temperature events occur when the polar jet stream moves
towards the southeastern U.S. (Davis and Ogden 1994).
Generally, the frequency and intensity of cold events decline
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with water level and decreasing latitude (Davis and Ogden
1994). The severity of extreme temperatures is limited by
the presence of saturated soils and standing water (Marshall
et al. 2004). Although the lowest temperatures typically occur
during the dry season, in some years the Everglades has suf-
ficiently large areas of standing water to moderate low-
temperatures (Davis and Ogden 1994).

During the twentieth century, large portions of the
Everglades were drained and converted to agricultural land,
altering patterns in the frequency and intensity of low-
temperature events (Marshall et al. 2004). Modeling studies
suggest that current land surface properties resulted in lower
simulated minimum temperatures that remained below freezing
for longer periods in agricultural lands that were once natural
wetlands (Marshall et al. 2004). In addition to land cover
change, shifts in the natural hydrological patterns have altered
water levels throughout the Everglades region, creating areas
subjected to high water levels that may drown upland trees or to
levels that are chronically low (Davis and Ogden 1994).

Historically, hydroperiods (i.e. water level and the duration
of inundation) were determined by the difference between
water inputs (e.g. precipitation and runoff), and outputs (e.g.
evapotranspiration and drainage). Small changes in elevation
regulated the degree of exposure to surface flow that originat-
ed in the north from Lake Okeechobee and moved south as
sheet flow. Presently, the system is subject to substantial an-
thropogenic control through a complex system of canals, le-
vees, and pumping stations (Loveless 1959; Davis and Ogden
1994). In response to water management activities, reduced
water flow from Lake Okeechobee changed the natural char-
acteristics of Everglades wetland ecosystems (Davis and
Ogden 1994), making the specific location within the land-
scape important for understanding the hydrologic dynamics
(Davis and Ogden 1994) and ecosystem sensitivity to low-
temperature events. As the northernmost edge of the distribu-
tion of many tropical species, the Everglades vegetation may
be particularly responsive to low-temperature events.

The recent occurrence of extreme low-temperature events
in south Florida (2010, 2012) provides an opportunity to ex-
plore variation in ecosystem sensitivity to these weather
anomalies in Everglades National Park (ENP). Although
low-temperature events are infrequent and of short duration
in the Everglades region, studies have shown that Everglades
ecosystems are affected by low-temperatures (Davis 1940;
Kangas and Lugo 1990; Stevens et al. 2006; Ross et al.
2009; Osland et al. 2013; Boucek et al. 2016) and that tem-
peratures <5 °C impact vegetation function in this region
(Davis 1940; Stevens et al. 2006; Ross et al. 2009; Markley
et al. 1982). Small changes in the frequency and intensity of
extreme winter events could cause landscape-scale structural
and functional change, suggesting that winter climate thresh-
olds are an important determinant of both ecosystem function
and species distributions (Osland et al. 2013). As climate
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change is likely to alter the frequency of extreme events
(Ross et al. 20006), it is important that we understand how
low-temperature events are likely to influence ecosystem
structure and function and what this means for C dynamics
in the Everglades region.

The objective of this research was to determine the sensi-
tivity of Everglades wetlands to low-temperature events and
examine how these events alter CO, dynamics. Here we focus
on meteorological conditions that are likely to influence eco-
system C dynamics, selecting a low-temperature threshold of
<5 °C, which is likely to influence ecosystem CO, fluxes in
the Everglades on the basis of previously observed vegetation
sensitivities (Davis 1940; Kangas and Lugo 1990; Stevens
et al. 2006; Ross et al. 2009; Osland et al. 2013).
Quantifying ecosystem sensitivity to low temperature events
by measuring changes in ecosystem productivity will improve
our understanding of ecosystem resilience and the factors that
influence resilience in Everglades wetland ecosystems.

We hypothesize that 1) sensitivity to low-temperature
events will increase with lower water levels and with greater
distances from the coast and 2) high ecosystem sensitivity is a
function of the frequency of freeze events (i.e. a higher fre-
quency of low-temperature events will result in lower ecosys-
tem sensitivity). We define sensitivity in terms of a reduction
in photosynthetic capacity and CO, exchange rates. We ex-
plore these hypotheses in short and long hydroperiod fresh-
water marsh and mangrove ecosystems to understand how
patterns in hydrology, both in space and time, influence eco-
system sensitivity to low-temperature events in subtropical
coastal wetland ecosystems. We expect the frequency of
low-temperature events to be higher in the short hydroperiod
freshwater marsh compared to the long hydroperiod freshwa-
ter marsh, while mangrove forest should have a lower fre-
quency and greater sensitivity to freeze events relative to in-
land freshwater ecosystems. Many tropical species, including
mangroves, exhibit symptoms of freeze damage at tempera-
tures several degrees or more above 0 °C (Markley et al. 1982;
Ross et al. 2009). In this study, we used eddy covariance (EC;
Goulden et al. 1996; Baldocchi 2014) estimates of whole eco-
system exchanges of CO, and remote sensing techniques with
a combination of linear, nonlinear and time series modeling to
statistically address the research hypotheses.

Methods
Study Sites

The Florida Everglades (Fig. 1) are classified as subtropical
wetlands with distinct wet and dry seasons (Chen and Gerber
1992; Obeysekera et al. 1999). Strong spatial and temporal
gradients of water flow have formed a unique network of
freshwater and coastal ecosystems (Fig. 2). The northern part
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Fig. 1 Research sites and NCDC
weather stations (i.e. Everglades
(EVG), Royal Palms Ranger
Station (RPR), Flamingo (FLG),
and Tavernier (TAV)) in
Everglades National Park.
Compared to Shark River Slough,
freshwater marsh ecosystems in
Taylor Slough are subject to a
larger range of water level change
that has resulted in the
development of marl substrate
and sparse sawgrass
communities. Freshwater marsh
in Shark River Slough typically
remain inundated throughout the
year and maintain peat substrate.
Mangrove forest lie at the
interface of land (i.e. freshwater
marsh) and sea and have been one
of the areas most impacted by
changes in freshwater flows (Ross
et al. 2000; Rivera-Monroy et al. N

2011). Declines in freshwater .

CJENP

inputs has led to the expansion of
mangrove forests (Davis et al.
2005)

of Everglades National Park (ENP) is primarily sawgrass-
freshwater marsh. In the southern edge, the sawgrass-
dominated marsh transitions to a brackish marsh with a mix-
ture of sparse sawgrass and dwarf mangroves, and then to a
saltwater coastal mangrove forest (Ewe et al. 2006). Our study
sites span Everglades ecosystems representing short and long
hydroperiod freshwater marsh and coastal mangrove forests.

The Taylor and Shark River Sloughs exhibit major
hydrogeomorphological dissimilarities that have led to
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Fig. 2 Daily average water levels at SRS-2, TS-1, and SRS-6 over the
study period (2009—2012). Throughout the Everglades, surface water
levels generally increase throughout the wet season, are highest at wet
season end in October, and decline to their lowest levels by dry season
end in May. Typically, water levels are highest at SRS-2 followed by TS-1
then SRS-6
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measurable differences in species form and composition, nutri-
ent availability, productivity and ecosystem sensitivity to cli-
mate although both are freshwater ecosystems. The Taylor
Slough study site (TS-1; 25°26'16.5"N, 80°35'40.68"W) is a
short hydroperiod marsh consisting of shallow marl soils
~0.14 m deep over limestone bedrock (Florida Coastal
Everglades-Long Term Ecological Research (FCE-LTER),
http://fcelter.fiu.edu/research/sites/). It has an elevation of
1.07 m above sea level and is inundated 4 to 5 months out of
the year during the wet season (Schedlbauer et al. 2010). The
dominant vegetation is made up sawgrass (Cladium jamaicense
Crantz.), a C3 sedge, and muhly grass (Muhlenbergia
capillaris), a C4 grass. Mean canopy height is 0.73 m above
ground level. The Shark River Slough site (SRS-2; 25°33'6.72"
N, 80°46'57.36"W) is a long hydroperiod marsh made up of
peat soils between 0.6 to 1.0 m deep over limestone bedrock
with extensive slough and ridge microtopography. It has an
elevation of 0.77 m above sea level and typically maintains
water levels above ground-surface year round, but these levels
can drop below ground-surface during dry seasons with unchar-
acteristically low precipitation. The dominant vegetation types
are sawgrass and spikerush (Eleocharis sp.) with a mean cano-
py height of 1.02 m above ground level (Malone et al. 2014).
The mangrove forest site (SRS-6; 25° 21" 52.56"N, 81° 4'
40.44"W) is in the southwestern portion of ENP. The domi-
nant tree species are red (Rhizophora mangle Linnaeus), black
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(Avicennia germinans Linnaeus), and white (Laguncularia
racemosa Gaertn) mangroves reaching heights of 15-20 m
(Ewe et al. 2006). The elevation is ~0.2 m above mean sea
level and peat thickness is between 5 to 6 m (Spackman et al.
1966). The forest understory is sparse and composed of seed-
lings and juvenile mangroves with an average height less than
4 m (Barr et al. 2010). The region experiences semidiurnal
tides and is inundated twice during most 24 h periods. High
tides can reach up to 0.5 m above the sediment surface (Krauss
et al. 2006; Barr et al. 2010). The sediment surface can be
exposed for several days during the annual minima in the solar
tidal cycle, which also corresponds to periods of low discharge
through Shark River (i.e. February, March, and April).

A defining feature of the Everglades is the influence of both
the oligotrophic upstream freshwater systems that are
phosphorus-limited (Noe et al. 2001) and the ocean as the source
of limiting nutrients. This plays a strong role in the interaction of
geomorphology and productivity (Davis et al. 2005). Higher pro-
ductivity rates observed in mangroves are related to the mixing of
phosphorus-poor water from the freshwater marsh with relatively
phosphorus-rich water from the ocean (Davis et al. 2005).

Spatial and Temporal Patterns in Temperature

To quantify the frequency and intensity of low-temperature
events in space and time we used National Climatic Data
Center (NCDC) long-term weather data sets (1950-2012) from
weather stations throughout Everglades National Park (Fig. 1):
Everglades Station (EVG: 25°51°N / 81°23’W), Royal Palm
Ranger Station (RPR; 25°23’N / 80°36’W), Flamingo Ranger
Station (FLG; 25°09’N / 80°55°W) and Tavernier Station
(TAV; 25°00°N / 80°31°W). We also used 4 km gridded temper-
ature data (PRISM Climate Group; http://prism.nacse.org) to
evaluate spatial patterns in temperature.

Ecosystem Productivity

To measure ecosystem-level responses to extreme low-
temperature events, we determined net ecosystem exchange
(NEE) of CO, from 2009 to 2012 using the EC method and
micrometeorological data (water level, air temperature; T,
and photosynthetic active radiation; PAR) obtained from the
three study sites within Everglades National Park (TS-1, SRS-
2 and SRS-6). Located at each site, EC systems consist of a
sonic anemometer that measures sonic temperature (Tg; K)
and 3-dimensional wind speed (u, v, and w, respectively; m
s~ 1) paired with an open-path infrared gas analyzer (model LI-
7500, Licor Inc., Lincoln, NB) that measures CO, (c; mg
mol ") and water vapor molar density (p,; mg mol ). High
frequency (10 Hz) measurements are stored and processed to
derive half-hourly CO, and momentum exchanges between
ecosystems and the overlying atmosphere. High frequency
data processing consists of spike removal, a 2-dimensional
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coordinate rotation of the wind field, a time lag correction of
CO, concentration to maximize covariance with vertical wind
speed variation, and buoyancy corrections of sonic air temper-
ature. Turbulent fluxes are converted into the total constituent
flux storage of CO, in the air column below the EC system
based on the half hourly rate of change of CO, concentrations
at the infrared analyzer level. Additional details on EC data
analyses are provided in Barr et al. (2010).

Net ecosystem exchange (NEE) of CO, was estimated
through simplification of the continuity equation by applying a
control volume approach from the ground level to the top mea-
surement height (z; m) (Loescher et al. 2006; Baldocchi 2014).
Vertical wind speed (w) was first measured with the sonic ane-
mometer, then a 2-d rotation was performed so that the mean
value of w was 0 m's ! (Loescher et al. 2006; Baldocchi 2014).
NEE (pumol m 2s ') was then estimated using the covariance of
the turbulent fluctuations of the molar density of CO, (c’), and the
vertical fluctuation of vertical velocity (w'), where the turbulent
fluctuations are the instantaneous deviation from the mean block
average (term I) over 30 min, and the storage flux (term II):

NEE =w'c'(z=27) + fozf)—faz (1)

I 11

where, w'¢' is the computed covariance (m s ! umol C mol ) of
the molar density of CO, measured at a fixed plane above the
plant canopy (Z), z is the vertical dimension, and the overbar is
the averaging period, in this case is 30-min. The % is the rate of
CO, in the air column from the surface to the EC measurement
height (Z). NEE was then divided by the molar volume of air, V,
(m3 molfl) to convert the units from density to molar fraction,
i.e., umol CO, m 25", such that:

_ RTw
= (2)

where, R is the ideal gas constant (0.082 L atm K! molfl), P
is atmospheric pressure (1.10325 atm), and Ty is the actual air
temperature, estimated by:

v

Ts+273.15

T, = -5
1+ 0.000321q

(3)
where, ¢ is the molar fraction of water vapor calculated by unit
conversion of p,. Micrometeorological convention is used
here, where negative NEE (1umol CO, m 2 s ) values indicate
ecosystem uptake of CO,. Site-specific equipment details,
QAQC, and data processing can be found in Malone et al.
(2014) for the freshwater marsh sites (TS-1 and SRS-2) and
in Barr et al. (2010) for the mangrove forest site (SRS-6).
Micrometeorological data (water level, air temperature; T,
and photosynthetic active radiation; PAR) were also obtained
from the three study sites within Everglades National Park


http://prism.nacse.org

Wetlands (2016) 36:957-967

961

(TS-1, SRS-2, and SRS-6). Site level data used in this study
are available at AmeriFlux (http://ameriflux.ornl.gov) for
freshwater marsh (TS-1 and SRS-2) and at the Florida
Coastal Everglades Long-term Ecological Research data por-
tal (http://fcelter.fiu.edu) for the mangrove forest (SRS-6).

A measure of the net result of several ecosystem processes,
NEE is the difference between gross ecosystem CO, uptake or
photosynthesis (GEE) and CO, losses or ecosystem respira-
tion (Reeo; autotrophic heterotrophic + respiration). The EC
systems operate continuously, but atmospheric conditions that
do not meet the assumptions of EC, fouling of the sensors, and
component failures lead to missing data. Gap-filling the miss-
ing values of NEE required the separation of EC-derived NEE
into its components (R, and GEE) using non-linear models.
To estimate daytime respiration, we estimated a model for
nighttime NEE (Eq. 5) which reflects respiration processes
only as a function of T,;, and then extrapolated this model
to daytime observations. The difference between daytime
NEE and R, was then used to estimate GEE. NEE is positive
when R, is greater than GEE and NEE is negative when
GEE is greater than R.,. By comparing NEE to micrometeo-
rological data we can determine drivers of NEE to understand
changes in ecosystem function.

To further understand observed patterns in NEE following
low temperature events, we also examined changes in the
normalized difference vegetation index (NDVI; product
MOD13A3) derived from the Moderate Resolution Imaging
Spectroradiometer (MODIS). NDVI values range from —1 to
1. Barren rock, sand, or snow usually have NDVI values of
0.1 or less, sparse vegetation (i.e. shrubs, grasslands or
senescing crops) have moderate NDVI values of 0.2 to 0.5
and dense vegetation (temperate and tropical forests) exhibit
high NDVI values of 0.6 to 0.9. NDVI values can be averaged
over time to establish mean vegetation conditions, and can be
used to characterize the health of vegetation (Gu et al. 2007;
Jacquin et al. 2010; Reeves and Bagget 2014). The NDVI
measures changes in chlorophyll content and in spongy me-
sophyll within the vegetation canopy (Gu et al. 2007). Higher
NDVI values usually represent greater vigor and photosyn-
thetic capacity (or greenness) of the vegetation canopy (Gu
et al. 2007). When analyzed through time NDVI can reveal
where or when vegetation is thriving or under stress (Jacquin
et al. 2010), as well as changes in vegetation due to natural
disturbances (Gu et al. 2007; Jacquin et al. 2010; Jansen et al.
2014; Reeves and Bagget 2014). The lack of ground-truth
NDVI data for the study sites in the current study is a limita-
tion, and therefore changes in NDVI throughout the study
period (2009 to 2012) cannot entirely be attributed to low
temperature events. Trends in surface reflectance over time
in relation to low temperature events, however, can provide
interesting comparisons between direct measures of NEE and
changes in surface reflectance that are associated with varia-
tions in ecosystem productivity.

Statistical Analysis

To explore differences in light and temperature responses, and
water levels among sites, as well as spatial patterns in tempera-
ture, we used descriptive statistical methods. Because the high
levels of autocorrelation inherent in temporal and spatial data
lead to artificially small standard errors, the assumptions for
statistical testing via standard regression methods are not met.
To examine water level and temperatures across space and time,
we therefore used non-linear regression methods in a descriptive
sense. To examine changes in the response of NEE and R, to
light and temperature, respectively, we used a Michaelis-
Menton approach (Eq.4) and an Arrhenius approach (Eq. 5):

NEEday = Rem_m
max

(4)
where, « is the apparent quantum efficiency or the initial slope
of the light response curve, ¢ is PAR, R, is ecosystem res-
piration during the daytime (1mol CO, m2s "), and P, is
the maximum ecosystem CO, uptake rate (Lmol CO, mZsh
at an infinite light level. To quantify the relationship between
daytime NEE and radiation (i.e. PAR) half-hourly NEE data
were fitted to the Michaelis-Menten equation (Eq. 4), with
daytime defined as PAR >10 W m 2.

NEEnight = Re‘co = RO epriTW (5)

where, R, is the base respiration rate when air temperature is
0 °C and b is an empirical coefficient. In Eq. 4, R, is an
estimated model parameter, whereas R.., measurements are
the dependent variable in Eq. 5. We fit parameters for these
models by condition (i.e. normal or low-temperature event)
and site via the R function nls (R Core Team 2014,
http://www.inside-r.org/r-doc/stats/nls). We then compared
parameter estimates to identify differences and similarities.
To estimate CO, respiration as a result of low temperature
events, we compared estimates of NEE from normal models
to observed NEE on days with low temperature events.

To evaluate the effects of low-temperature events on eco-
system productivity and the duration of the effect, we used an
intervention time series approach (Brocklebank and Dickey
2003), utilizing autoregressive integrated moving average
(ARIMA) models via the R software package (R Core Team
2014) and an indicator variable for low-temperature events
(cold events). ARIMA models incorporate three types of pro-
cesses: autoregressive (AR) of order p, moving average (MA)
of order ¢, and if necessary, differencing of degree d
(Brocklebank and Dickey 2003). ARIMA models fit to time
series data use AR and MA terms to describe serial depen-
dence and use other time series data from independent vari-
ables to explain dependence on outside factors (Brocklebank
and Dickey 2003). The advantage of using ARIMA models is
that the internal structure of the data (e.g. autocorrelation,
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seasonality) is explicitly accounted for by incorporating past
values. For example, a first-order autoregressive moving av-
erage, or ARIMA(1,1) model, predicts the current time period
value (Y; ) using its one period previous value (Y, ;) and its
associated error (g¢.1):

Yi=p+aY + &, + 0 (6)

where: 1 is the mean of the series, «; is the first-order AR coef-
ficient, 0 is the first-order MA coefficient, ¢, is the current period
etror, and €, ; is the error of previous period. “Memory” can be
added to the model by including lags and associated MA and/or
AR components, and potential covariates can also be added as
predictor variables, which may also have lagged components.

In developing time series models, we first tested all data for
stationarity and then fit autoregressive integrated moving av-
erage (ARIMA) models to time series data (NEE and NDVI)
using an iterative Box-Jenkins approach, where: (1) we used
autocorrelation and partial autocorrelation analysis to deter-
mine if AR and/or MA terms were necessary for the given
time series, (2) we calculated model coefficients using maxi-
mum likelihood techniques and, (3) we examined autocorre-
lation plots of model residuals to further determine the struc-
ture of the model (Brocklebank and Dickey 2003). To evaluate
the effects low-temperature events on ecosystem productivity,
we used indicators for the occurrence of low-temperature
events as explanatory series in ARIMA models. By examining
residual plots we verified assumptions of normality and inde-
pendence of residuals (Brocklebank and Dickey 2003) for
ARIMA models.

Results

Spatial and Temporal Patterns in Low-Temperature
Events

In the Everglades region, the mean annual frequency of low-
temperature events ranged from 1.8 to 7.8 days year ' (1950—
2012; Table 1). Mean annual frequencies across sites were
5 + 0.4 days year ! from 1950 to 2008 and increased to

Table1 Historical frequency (days) of low-temperature events (< 5 °C)
at NCDC weather stations within Everglades National Park (1950-2012).
Stations are listed in order from the northernmost station (Everglades;

8 + 3.8 days year ' from 2009 to 2012. Spatial patterns in
mean daily minimum temperature for low-temperature events
showed that intensity was greater in the northern reaches of
ENP and declined coastward (Fig. 3). Low-temperature event
frequencies at the research sites support this pattern (Fig. S1).
The short hydroperiod freshwater marsh had the highest fre-
quency and intensity of low-temperature events followed by
the long hydroperiod freshwater marsh and the mangrove for-
est. Water levels at the research sites also differed. The SRS-2
site typically had the highest water levels, followed by TS-1
and SRS-6 (Fig. 2). Days with low-temperature events were
also associated with higher PAR (i.e. an increase of
6.21 = 1.5 mol m * day ') compared to average PAR in
January, February, March, and December (Fig. 4).

Photosynthetic Capacity and Dark Respiration

Annual NEE (g CO, m? yr_l) differed between sites. The
greatest net CO, uptake was observed in mangrove forest,
followed by short and long hydroperiod freshwater marsh
(Table 2). In addition to site differences, low-temperature
events altered photosynthetic capacity and ecosystem respira-
tion rates (Table 3; Fig. 5). Within freshwater marsh ecosys-
tems photosynthetic capacity (P,,,,) ranged between (—0.006
to —2 g CO, m ?) and was enhanced by low-temperature
events (Fig. 5). At TS-1 dark respiration rates (R,,) increased
during low temperature events and decreased slightly at SRS-
2 (Table 3). In the mangrove forest, photosynthetic capacity
was much higher than in freshwater marsh ecosystems and
was more sensitive to low-temperature events. A greater re-
duction in photosynthetic capacity and dark respiration rates at
low-temperatures (< ~20 °C) were observed in mangrove for-
est (Fig. 5b, d). While the long hydroperiod freshwater marsh
gained 4.68 g CO, m ? over 18 low-temperature events, the
mangrove forest had the greatest C lost (35.55 g CO, m ™2 over
5 low-temperature events) followed by the short hydroperiod
freshwater marsh (11.57 g CO, m 2 over 31 low-temperature
events). Low-temperature events increased C uptake in both
freshwater marsh and decreased NEE by 21 % in short hydro-
period freshwater marsh and 36 % in mangrove forest.

EVG), to the southernmost station (Tavernier; TAV). There is a decreas-
ing trend across stations, moving north to south

Station Event frequency Mean annual frequency Standard error
Everglades (EVG) 476 7.8 0.6
Royal Palms Ranger Station (RPR) 404 8.4 0.7
Flamingo (FLG) 333 5.5 0.6
Tavernier (TAV) 37 1.8 0.1

@ Springer



Wetlands (2016) 36:957-967

963

I I 1 | T
81.4°W 81.2°W 81°W 80.8°W 80.6°W

Temperature( “C)

i i i

-1 0 1 2 3 4 5 6

Fig. 3 Spatial variation in temperature averaged over all common low-
temperature events (1/11/10, 12/14/10, 12/15/10, and 12/28/10) in the
Florida Everglades. The grey shaded regions show the linear relationship
between temperature and latitude (side) and longitude (top)

The Effect of Low-Temperature Events on Daily CO,
Exchange Rates and NDVI

Models for NEE (Fig. S2; Table 4) had a significant lagged 1-
day MA [MA(1)] component, as well as significant AR
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Fig. 4 Differences in mean half hourly PAR for days with extreme low-
temperatures compared to PAR on all other days in January, February,
March, and December at SRS-2, TS-1, and SRS-6. Average daily total
PAR during winter months on normal days was 29 mol m > day . The
low-temperature days had higher daily total PAR (35 mol m 2 day™")

Table 2 Annual NEE (g CO, m> yrfl) in short (TS-1) and long hy-
droperiod freshwater marsh (SRS-2) and mangrove forest (SRS-6)

Year NEE (g CO, rnfz)

TS-1 SRS-2 SRS-6
2009 -40.0 293.7 -3435.8
2010 -18.8 -58.0 -3067.2
2011 -404.3 280.3 -3211.7
2012 -159.9 236.9 -4234.1

components at a lag of 1-, and 2- days (p < 0.001;Table 4).
In freshwater marsh ecosystems CO, uptake rates increased
on days with low-temperature events, though this effect was
only significant at TS-1. In mangrove forest CO, assimilation
rates declined on days with low-temperature events
(p = 0.078). No lags were detected following low-
temperature events in freshwater marsh or mangrove forests.

Models for NDVI (Fig. S3; Table 4) had a significant AR
component at a lag of 1- month in freshwater marsh and man-
grove forests (p = 0.001; Table 5). At TS-1 mean monthly NDVI
decreased with low-temperature events and increased at SRS-2
and SRS-6, though this result was not significant. The effect of
low-temperature events was only significant at TS-1 (Table 5),
and no lags were detected following low-temperature events in
freshwater marsh or mangrove forests. We used indicators for the
length of low-temperature events and the number of previous
events to explore the impact of low-temperature intensity, length
and frequency (annually). These indicators showed no effect on
either NEE or NDVI and were removed from models. Only the
indicator for low-temperature events was kept in all models for
comparisons across Everglades ecosystems.

Discussion

The objective of this research was to determine the sensitivity
of subtropical wetlands to low-temperature events and to ex-
amine how these events alter CO, assimilation dynamics
across Everglades ecosystems. We hypothesized that 1) sensi-
tivity to low-temperature events would increase with lower
water levels and with greater distance from the coast and 2)
that high ecosystem sensitivity would be a function of the
frequency of low-temperature events. Our results support the
first hypothesis in that sensitivity to low-temperature events
did vary across sites as hydroperiods and proximity to the
coast influenced exposure (i.e. the frequency and intensity)
to low-temperatures. Both the frequency and intensity of
low-temperature events were limited by the presence of satu-
rated soils and standing water. Comparing changes in NEE
and NDVI across Everglades ecosystems showed that the fre-
quency of extreme events is correlated with ecosystem
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Table3  Parameter estimates for light (Eq. 4) and temperature (Eq. 5) response curves. Models were fit for days with low-temperature events and for all

other normal days in the months January, February, and December

Site Model Model parameters
a+SE Pt S.E. R..,+SE. Ry+SE. b+S.E.
TS-1 Low-Temperature 0.45 +0.447 -0.10£0.102 -0.78 £0.109 0.43 +0.019 0.05 + 0.004
Normal 0.001 +£0.001 -0.01 £ 0.006 -0.97 £0.015 0.61+£0.013 0.02 £ 0.002
SRS-2 Low-Temperature -0.01 £0.003 -1.90+£0.114 0.52 +£0.097 0.37+£0.011 0.02 £ 0.003
Normal -0.01 £0.001 -2.00 £ 0.027 0.69+£0.018 0.41 +0.009 0.03 +£0.001
SRS-6 Low-Temperature -0.01 +0.008 -10.57 +2.403 1.42 £1.120 0.49 £ 0.099 0.10 £ 0.022
Normal -0.04 £0.002 -23.85+£0.253 4.20 +0.200 1.62 +0.045 0.03 £0.001

sensitivity to low-temperature events. Where low-temperature
events were less frequent, there was a greater decline in pho-
tosynthetic capacity and an increase in NEE (greater CO,
loss), supporting hypothesis 2. These results have important
implications for species range shifts and the stability of C in
the Everglades ecosystems where changes in the temperature
regime can and likely have already influenced plant diversity
and dominance (Ross et al. 2009).

Results show that freshwater marsh responded to changes
in temperature (Schedlbauer et al. 2012; Jimenez et al. 2012;
Malone et al. 2014), though sensitivity to low-temperatures is

made complicated by the co-occurrence of increased light
availability (Ross et al. 2009). Our results suggest that greater
CO, assimilation rates are associated with low-temperature
events across freshwater marsh ecosystems, though the effects
on daily NEE differ with hydroperiods. In the short hydrope-
riod marsh, there is a net C loss compared to the long hydro-
period freshwater marsh where there is a net C gain on days
with low-temperature events. There were greater reductions in
CO, assimilation rates in mangrove forest (36 %) compared to
short hydroperiod freshwater marsh (21 %). Considering that
the frequency of low-temperature events controls mangrove

Fig. 5 Comparison of light N g © b
response curves for (a) freshwater TS-1 | \\ — = SRS-6 (normal)
marsh and (b) mangrove forest for A - - . (normzoz ) —— SRS-6 (T < 5°C)
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Table 4 Parameter estimates from ARIMA models of daily NEE (g CO, m>) from 2009 to 2012
Parameter 7S-1 SRS-2 SRS-6

Estimates Standard error p-value Estimates Standard error p-value Estimates Standard error p-value
AR(1) 1.31 0.037 <0.001 1.298 0.054 <0.001 1.415 0.037 <0.001
ARQ2) -0.324 0.035 <0.001 -0.32 0.049 <0.001 -0.43 0.033 <0.001
MA(1) -0.815 0.024 <0.001 -0.756 0.041 <0.001 -0.915 0.024 <0.001
Intercept -0.397 0.334 0.234 0.498 0.239 0.038 -9.557 0.548 <0.001
Cold events -0.921 0.192 <0.001 -0.175 0.2 0.383 2.779 1.578 0.078

AR(1) and AR(2) are the estimated autoregressive terms at 1- and 2-period lags (1 and 2 days, respectively), MA(1) is the estimated moving average term
at a 1- period lag (1 day), Cold events is an indicator variable for days with low-temperature events

distributions in South Florida (Ross et al. 2009), in areas
where freshwater marsh meets mangrove forest low-
temperature events could have a significant influence on spe-
cies distributions in the Everglades.

Similar to many tropical species, mangroves are sensitive
to both cold air and water, which set the latitudinal limit for
mangrove forests (Stevens et al. 2006; Stuart et al. 2007; Ross
etal. 2009). In addition, these temperature constraints contrib-
ute to patch diversity and limit inland transgression of man-
grove plants (Ross et al. 2009). In tropical climates, mangrove
forests often outcompete salt marsh graminoids (Davis 1940;
Tomlinson 1986; Duke et al. 1998; Osland et al. 2013) while
marshes are more dominant along colder coastlines (i.e., tem-
perate, boreal, and Arctic) (Adam 1990; Pennings and
Bertness 2001; Osland et al. 2013). In the Everglades region,
sea level rise (Krauss et al. 2011), reduced freshwater flows
(Krauss et al. 2011; Comeaux et al. 2012) and the reduction in
the frequency of low-temperature events since 1980s has led
to a decline in Spartina (Spartina alterniflora and Spartina
patens) dominated salt marsh along the coast and has led to
the inland transgression of mangroves. Changes in the range
of mangrove forests can alter the C balance of the Everglades,
where mangrove forests have substantially higher productivity
rates than freshwater marsh ecosystems (Troxler et al. 2013).

Low-temperature events significantly influence landscape
structure and community composition along subtropical coast-
lines (Ross et al. 2009) where the encroachment of coastally
restricted species into interior wetlands is driven by changes in

temperature, salinity, and fire regimes (e.g., Kangas and Lugo
1990; Ross et al. 2000; Ross et al. 2009). With projected in-
creases in mean global air temperatures, low-temperature events
are likely to become less frequent in the Everglades region
(Vavrus et al. 2006; Ross et al. 2009), though some studies
suggest an increase in low-temperature events is possible
(Kodra et al. 2011). Reduced frequencies of low-temperature
events would increase the likelihood that freeze-sensitive dom-
inant species will displace sawgrass dominated freshwater
marsh at the ecotone level (Stevens et al. 2006), thereby increas-
ing ecosystem sensitivity to freeze events in the future. With an
increase in low-temperature events we would expect mangrove
forests to remain coastward and a decline in both poleward and
inland transgression (Stevens et al. 2006; Stuart et al. 2007).
Osland et al. (2013) identified mean annual minimum
temperature as the best predictor of mangrove forest pres-
ence and relative abundance. Mangrove forests in the south-
eastern United States are not likely to be present in areas
where minimum temperatures fall below —8.9 °C and man-
grove forests are not likely to be dominant in areas where
minimum temperatures fall below approximately —7.0 °C
(Osland et al. 2013). In addition to influencing the distribu-
tional range of mangrove forest, temperature can also influ-
ence patterns in forest stature. Close to the coast, tall man-
grove forests are prevalent and canopy height can exceed
20 m (Ross et al. 2009). Forest stature decreases inland to
a low scrub (1.5 m) (Ross et al. 2009) and is determined
primarily by environmental factors such as flooding regimes,

Table 5  Parameter estimates from ARIMA models of monthly NDVI (2009-2012). AR(1) is the estimated autoregressive terms at 1-period lag
(1 month). Cold events is an indicator variable for days with low-temperature events

Parameter TS-1 SRS-2 SRS-6

Estimate Standard error p-value Estimate Standard error p-value Estimate Standard error p-value
AR(1) 0.369 0.154 0.017 0.559 0.118 <0.001 0.434 0.139 0.002
Intercept 0.649 0.01 <0.001 0.469 0.015 <0.001 0.83 0.012 <0.001
Cold Events -0.054 0.017 0.002 0.028 0.028 0.212 0.007 0.025 0.772
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soil type, nutrient levels, and the frequency and intensity of
low-temperature events (Ross et al. 2009).

Within the next century, global climate change is predicted
to accelerate rates of sea level rise, increase cyclonic storm
frequency/intensity and enhanced atmospheric warming
(IPCC 2007). Both sea level rise and reduced freshwater in-
puts remain paramount drivers of mangrove forest ecology
(Ross et al. 2009; McKee et al. 2007) and several publications
have postulated that mangrove forests will displace salt marsh
as an outcome of global warming (Woodroffe and Grindrod
1991; Field 1995; Gilman et al. 2008; Saintlian et al. 2014).
As Everglades ecosystems respond to both changes in hydrol-
ogy and temperature, in the future it is likely that the C se-
questering capacity of the Everglades will increase with man-
grove expansion although this stored C will also be sensitive
to loss during infrequent low-temperature events.

Conclusions

Our results suggest that freshwater marsh and mangrove for-
ests exhibit varying sensitivities to low-temperature events
and that hydrology and position within the landscape are im-
portant for both exposure to stressful conditions and ecosys-
tem resilience. Low-temperature events influence CO, assim-
ilation patterns across Everglades ecosystems, suggesting that
shifts in the temperature regime with climate change can alter
C assimilation rates in Everglades ecosystems through its ef-
fects on species composition and ecosystem productivity. An
important feature of wetland resilience is recovery following
disturbance events or the successful shift from one wetland
type to another. Studies have shown that wetland resilience is
a function of good flushing by either fresh or saline waters
(Davis et al. 2005) and nutrient levels. Where flow and flush-
ing diminish, communities collapse (Wanless and Vlaswinkel
2005; Davis et al. 2005), which is true for the long-term main-
tenance of freshwater marsh and mangrove communities in
the Everglades. Improved freshwater flow, through the
Comprehensive Everglades Restoration Plan (Perry 2004), is
expected to aid in the recovery of freshwater marsh and man-
grove forests from catastrophic setbacks (such as from hurri-
canes, fire, droughts, freeze, and hypersaline conditions).
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