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ABSTRACT

Climate change is altering the frequency and

intensity of extreme weather events. Quantifying

ecosystem responses to extreme events at the

landscape scale is critical for understanding and

responding to climate-driven change but is con-

strained by limited data availability. Here, we

integrated remote sensing with ground-based

observations to quantify landscape-scale vegetation

damage from an extreme climatic event. We used

ground- and satellite-based black mangrove (Avi-

cennia germinans) leaf damage data from the

northern Gulf of Mexico (USA and Mexico) to

examine the effects of an extreme freeze in a region

where black mangroves are expanding their range.

The February 2021 event produced coastal tem-

peratures as low as - 10 �C in some areas,

exceeding thresholds for A. germinans damage and

mortality. We used Sentinel-2 surface reflectance

data to assess vegetation greenness before and after

the freeze, along with ground-based observations

of A. germinans leaf damage. Our results show a

negative, nonlinear threshold relationship between

A. germinans leaf damage and minimum tempera-

ture, with a temperature threshold for leaf damage

near - 6 �C. Satellite-based analyses indicate that,

at the landscape scale, damage was particularly

severe along the central Texas coast, where the

freeze event affected > 2000 ha of A. germinans-

dominated coastal wetlands. Our analyses highlight

the value of pairing remotely sensed data with re-

gional, ground-based observations for quantifying

and extrapolating the effects of extreme freeze

events on mangroves and other tropical, cold-sen-

sitive plants. The results also demonstrate how

extreme freeze events govern the expansion and

contraction of mangroves near northern range

limits in North America.

Key words: extreme freeze; mangroves; Avicennia

germinans; sentinel-2; remote sensing; range limit;

range expansion; ecological threshold; Gulf of

Mexico.

INTRODUCTION

In the face of accelerating climate change (USGCRP

2017; IPCC 2021), ecologists are increasingly chal-

lenged to advance understanding of the ecological

effects of changes in the frequency and intensity of

extreme climatic events (Jentsch and others 2007;

Smith 2011; USGCRP 2018). There is a particularly

pressing need to better understand the effects of

climate extremes that drive landscape-level shifts in

dominant species via damage and mass mortality

(Alber and others 2008; Allen and others 2010;

Sippo and others 2018). Here, we coupled ground-

based and remotely sensed measurements to

examine the effects of an extreme winter storm

that triggered landscape-scale damage to cold-sen-

sitive coastal wetland vegetation near the transition

between tropical and temperate ecosystems in

North America.

In North America, the northern range limits of

many tropical cold-sensitive organisms are gov-

erned by the frequency and intensity of extreme

cold winter temperatures (Shreve 1914; Boucek

and others 2016; Osland and others 2021; Walters

and McClenachan 2021). Extreme cold events

leading to mass mortality can result in range con-

traction (Lonard and Judd 1991; Martin and

McEachron 1996; Stevens and others 2006). In

contrast, consecutive winters without extreme cold

events can lead to poleward range expansion

(Purtlebaugh and others 2020; McClenachan and

others 2021; Hesterberg and others 2022) and the

tropicalization of temperate ecosystems (Osland

and others 2021). The ecological influence of

winter extremes is especially apparent within

coastal wetlands, where extreme freezing and

chilling temperatures greatly influence whether a

coastal wetland is dominated by herbaceous or

woody plants (Gabler and others 2017; Osland and

others 2017; Cavanaugh and others 2019). While

herbaceous salt marsh plants can tolerate extreme

freeze events (Pennings and Bertness 2001), man-

groves are tropical to subtropical, cold-sensitive

woody plants that can be damaged or killed by

extreme freeze events (Lugo and Patterson-Zuca

1977; Ross and others 2009; Lovelock and others

2016; Chen and others 2017). Thus, mangrove

forests typically dominate tidal saline wetlands in

warmer, tropical climates, and salt marshes typi-

cally dominate tidal saline wetlands in colder,

temperate climates (Woodroffe and Grindrod 1991;

Duke and others 1998). In the subtropics, there is a

dynamic mix of salt marsh and mangroves, where

dominance by either is dictated by preceding freeze

event history (Gabler and others 2017; Osland and

others 2017; Cavanaugh and others 2019).

Climate change is expected to produce warmer

winters with declining frequency and intensity of

winter cold temperature extremes (USGCRP 2017;

IPCC 2021), which will enable the poleward range

expansion of tropical, cold-sensitive species like

mangroves. Mangrove expansion is of particular

M. Martinez and others



importance for coastal ecosystems because it rep-

resents a state change from herbaceous marsh to

coastal forest, impacting many ecosystem functions

and services (Osland and others 2022). Mangrove

range expansion, however, is not expected to occur

in a continuous northward progression. Rather,

occasional extreme freeze events near northern

range limits are expected to produce landscape-

scale damage and mortality, which means that

range expansion is expected to be discontinuous

and punctuated by freeze-induced range contrac-

tion events near poleward range limits (Boucek and

others 2016; Langston and Kaplan 2020; Osland

and others 2021).

Extreme freeze events leading to landscape-scale

damage or mortality to mangroves near northern

range limits have been understudied because they

are unpredictable and infrequent. This is likely

because of limited time or resources available for

ecologists to rapidly redirect their attention to on-

the-ground investigations of post-freeze ecological

impacts (Jentsch and others 2007; Osland and

others 2020). For example, the last major freeze

event to result in mangrove mortality near range

limits in Louisiana (USA) and Florida (USA) oc-

curred in December 1989. While there are many

mangrove mortality observations from that event

documented in the literature (Stevens and others

2006; Osland and others 2017; McKee and Ver-

vaeke 2018; Snyder and others 2022), there were

no in-depth quantitative investigations of the

landscape scale freeze impacts during the initial

years following the event. However, recent com-

putational advancements and improvements in

remote sensing data provide enhanced opportuni-

ties for researchers to study landscape-scale damage

and mass mortality.

The availability and spatiotemporal resolution of

satellite-based data are improving rapidly, which

means that remote sensing approaches are

becoming increasingly valuable for quantifying

landscape-scale vegetation damage from climate

extremes. In particular, the Google Earth Engine

platform has increased the accessibility of satellite

images and provides the ability to quickly process

thousands of images across space and time (Alonso

and others 2016; Google Earth Engine 2022).

Satellites such as Sentinel are particularly useful

because of the higher spatial resolution (that is, 10-

m compared to 30-m resolution via Landsat).

In February 2021, an extreme freeze event

(Winter Storm Uri) resulted in landscape-scale

damage to black mangroves (Avicennia germinans)

in Texas (USA) along the northwestern Gulf of

Mexico coast. In this study, we integrated remote

sensing with regional, coordinated ground-based

observations to investigate mangrove leaf damage

during this event. More specifically, we investi-

gated the following questions: (1) What regions

experienced A. germinans leaf damage during the

2021 event and how severe was the damage; (2)

Can we effectively assess mangrove leaf damage

using satellite-based measurements before and

after the freeze event; and (3) Are minimum tem-

perature thresholds for leaf damage comparable

between satellite-based data and ground-based

data? To provide a historical perspective for this

event, we also incorporated temperature records to

determine how the 2021 freeze event compares

with extreme winter temperatures that have oc-

curred in Texas during the past eight decades (that

is, 1942–2022).

METHODS

Study Area and Study Design

Our study area included coastal wetlands along the

northern Gulf of Mexico coast in northern

Tamaulipas (Mexico; along the USA-Mexico bor-

der), Texas (USA), Louisiana (USA), and northern

Florida (USA) (Figure 1). There are three common

mangrove species in this region: the black man-

grove (A. germinans), the red mangrove (Rhizophora

mangle), and the white mangrove (Laguncularia

racemosa). Our analyses focus on A. germinans,

which is the most cold-tolerant of the three species

and extends furthest north along the northern Gulf

of Mexico coast (Sherrod and McMillan 1981,

1985; Pickens and Hester 2011; McKee and Ver-

vaeke 2018; Snyder and others 2022). Hereafter,

‘‘mangrove’’ in the methods and results sections

refers to A. germinans. In tropical regions, A. germi-

Figure 1. Location of the 375 data collection sites

(circular symbols) along the northern Gulf of Mexico

coast (USA), with minimum air temperatures during the

February 2021 freeze event in the background. Our

analyses incorporate data from 305 satellite sites and 70

ground observation sites. Minimum air temperatures

were obtained from data produced by the Parameter-

elevation Regressions on Independent Slopes Model

(PRISM) climate group (prism.oregonstate.edu).
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nans individuals grow to become tall single-stem-

med trees that form mangrove forests often greater

than 10 m in height. However, near northern

range limits along the northern Gulf of Mexico

coast, A. germinans individuals are typically more

shrublike, with multiple short stems often less than

2 m in height (Osland and others 2014; Yando and

others 2016). Following cold events, A. germinans

leaves can quickly turn brown and eventually fall

from trees (Osland and others 2015, 2020; Feller

and others 2022) (Figure 2). Leaves that are par-

tially damaged during the initial days following a

freeze event ultimately become fully damaged and

are dropped from the trees. During moderate cold

events (that is, temperatures between - 4 �C and

- 7 �C), A. germinans individuals may lose leaves,

branches, and/or stems (Osland and others 2015,

2020). However, A. germinans individuals are cov-

ered in regenerative buds that enable them to

vigorously resprout and recover from moderate

cold events (Lugo and Patterson-Zuca 1977; Tom-

linson 2016). Full recovery from moderate events

often occurs within the first several growing sea-

sons (Osland and others 2015, 2020; Feller and

others 2022). In some freeze events, A. germinans

may lose all their aboveground biomass and re-

sprout vigorously from the base. This basal

resprouting is what produces the multi-stemmed

shrublike morphology (Feller and others 2022).

During severe cold events (for example, tempera-

tures below - 7�), mangrove mortality can occur

when belowground roots and basal regenerative

buds are killed (Osland and others 2020).

We assessed mangrove damage and obtained

temperature data from a total of 375 locations,

which collectively represent a temperature and

mangrove damage gradient (Figure 1) that we used

to quantify temperature–damage relationships.

Some of these locations were affected by the 2021

freeze event (Texas and parts of Louisiana), while

other locations were unaffected by the freeze

(Florida). Our analyses quantify mangrove leaf

damage and temperature–damage relationships

using two types of mangrove leaf damage data:

satellite-derived data and ground-based data (that

is, field-collected data). Satellite data were collected

from 305 locations, and ground data were collected

from 70 locations (Figure 1). Our analyses also

incorporated two different types of minimum

temperature data: historical station-based temper-

ature data (that is, data for specific locations) and

gridded temperature data (that is, raster data with

continuous coverage across the study area).

Historical Station-Based Temperature
Data (1942–2022)

Station-based data were used to provide a histori-

cal, long-term perspective (1942–2022) of extreme

minimum temperatures. We obtained daily mini-

mum temperature data (that is, the coldest tem-

perature recorded each day) from the Global

Historical Climatology Network (GHCN) database

for Texas stations in Brownsville (station:

USW00012919), Corpus Christi (station:

USW00012924), and Galveston (stations:

USW00012923, USC00414531 and

USW00012944) (NOAA 2022), from which we

incorporated data from 1946–2022 (Brownsville),

1942–2022 (Corpus Christi), and 1946–2022

(Galveston). We used a similar approach to Snyder

and others (2022), where calendar years were

converted to winter years (that is, November to

March) to assign freeze events to winters (for

example, the December 1989 freeze was assigned

to the 1989 winter and the February 2021 freeze

was assigned to the 2020 winter). Then, for each

winter year, we determined the annual minimum

temperature (that is, the absolute minimum daily

temperature that occurred that winter year). Next,

we identified winter years with minimum tem-

peratures below literature-based temperature

thresholds for A. germinans leaf damage and mor-

tality (that is, - 4.2 �C and - 6.6 �C, respectively)
(Osland and others 2020). These data were also

Figure 2. Photos of black mangrove (Avicennia

germinans) damage in Port Aransas, Texas (USA)

immediately after the 2021 freeze (a and b) and

approximately 13 months later c. Photo credits: Ken

Dunton (a, b) and Briana Martinez c.

M. Martinez and others



used to highlight recent consecutive years without

freeze events leading to mangrove mortality.

Gridded Temperature Data—2021 Freeze
Event

Gridded temperature data were used to determine

the minimum temperatures for each of the 375

mangrove damage point locations. We determined

the minimum temperatures that occurred during

the 2021 freeze event using the location coordi-

nates and 4-km resolution continuous, gridded

daily minimum air temperature data produced by

the PRISM (Parameter-elevation Regression on

Independent Slopes Model) Climate Group at

Oregon State University (prism.oregonstate.edu).

These data were created using the PRISM interpo-

lation method (Daly and others 2008). The PRISM

model is valuable in this region because the data

capture the influence of land–ocean temperature

gradients (Daly and others 2003, 2008, 2012),

which play an important ecological role during

freeze events in the coastal zone (Osland and oth-

ers 2017; Snyder and others 2022). Prior analyses

have demonstrated a strong correlation between

PRISM data and ground-based, logger-derived air

temperature data (Osland and others 2020).

Ground-Based Mangrove Damage Data

After the 2021 freeze event, ground-based man-

grove damage data were collected through collab-

orative contributions of researchers across the

northern Gulf of Mexico (Figure 1), including

locations in Florida (total ground locations: 14),

Louisiana (total ground locations: 16), Texas (total

ground locations: 27), and northern Tamaulipas

(total ground locations: 3). The locations in

Tamaulipas were close to the USA-Mexico border

and incorporated into the Brownsville region. At

each location, collaborators visually estimated the

percentage (0–100%) of leaves showing freeze

damage within 100-m2 plots. These surveys were

conducted between 25 February and 27 April of

2021. If a mangrove showed all brown leaves or

had already lost all of leaves, leaf damage was re-

corded as 100%. These data have been published

and are publicly available as a U.S. Geological

Survey data release (Kaalstad and others 2023). At

10 sites, mangrove leaf damage was estimated at

the 100-m2 plot-level (that is, percentage of leaves

showing freeze damage for all mangrove individu-

als within the 100-m2 plot). At 60 of the sites,

mangrove leaf damage was estimated for individual

trees within a 100-m2 plot (that is, 1–9 trees per

plot), and the individual tree measurements were

converted to plot-level means. For more details

regarding the ground-based leaf damage measure-

ments, see Kaalstad and others (2023).

Satellite-Based Mangrove Damage Data

Mangrove range limits are often difficult to delin-

eate with remotely sensed data because their dis-

tribution shifts in response to changing

environmental conditions. In the northern Gulf of

Mexico, there is no region-wide dataset that ade-

quately captures the distribution of mangroves

near the northern range limits covered in this

study, though efforts to fill this gap are underway

(Bardou and others 2022, 2023). As an initial re-

gional screening, we used a recently produced

mangrove presence dataset (Bardou and others

2022). This dataset identifies mangrove presence

within 1/8-degree cells (that is, resolution of

approximately 14 km-by-16 km) (Figure 3a). To

identify point locations for obtaining site-specific

satellite data observations of mangrove damage

(Figure 1), we compiled mangrove distribution

data from several local datasets (Finkbeiner and

others 2009; Osland and others 2017; Day and

others 2020; Enwright and others 2020; Snyder

and others 2022) (Table S1). For raster and polygon

vector data, points were randomly created within

mangrove areas and verified using recent Google

Earth aerial imagery (Figure 3a). Data points that

were near mangrove patch edges or in open water

were excluded. All location datasets were merged,

and points were randomly selected by region,

producing a final dataset that included 305 total

sites for satellite data collection. The number of

satellite points varied by region as follows: Florida

(total satellite locations: 30), Louisiana (total

satellite locations: 100), and Texas (total satellite

locations: 175). To further elucidate the effects of

the 2021 freeze across the central Texas coast

where damage was particularly severe, some of our

analyses separate the data in Texas into the fol-

lowing two regions: Port Aransas (total satellite

locations: 68), Port O’Connor (total satellite loca-

tions: 107) (Figure 1). There was limited satellite

data within the Galveston region because man-

grove coverage was too low due to the higher fre-

quency and intensity of freeze events. The few A.

germinans mangroves that can be found near the

Galveston area are sparse and usually less than 1 m

in height.

Sentinel-2 surface reflectance data (that is,

atmospherically corrected data) were used to detect

greenness changes in remotely sensed imagery.

Integrating Remote Sensing with Ground-based Observations to Quantify the Effects of an…
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Data were acquired for each of the 305 locations

using Google Earth Engine, a cloud-based platform

(Google Earth Engine, 2022) (Figure 3a). Sentinel-

2 has a revisit time of approximately six days and a

resolution of 10-m. Monthly, cloud-free compos-

ites were generated using the maximum Normal-

ized Difference Vegetation Index (NDVI) for the

period from December 2018 to December 2021. We

used the cloud probability mask band

(MSK_CLDPRB) to remove pixels with cloud

probability greater than 5%, as well as the scene

classification band (SCL) to remove cloud shadows

and cirrus clouds (that is, bit value 3 and 10,

respectively). NDVI uses the red (RED) and near-

infrared (NIR) bands as follows: (NIR-RED)/

(NIR + RED) (Rouse and others 1974). Pixel-max-

imum NDVI was chosen over median NDVI to re-

duce potential for measurement errors from clouds

and haze, as well as low NDVI from tidal flooding.

Monthly NDVI time series were extracted from

satellite data for the 305 satellite locations. Unfor-

tunately, images for mangroves within the

Brownsville, TX area were limited because of lack

of cloud-free Sentinel-2 data for that area during

the months of March to May 2021, which is the

post-freeze period that is critical for assessing freeze

damage.

Mangrove damage from satellite data was cal-

culated in two ways: NDVI reduction and propor-

tional NDVI reduction. We used the median of the

maximum NDVI monthly composites from the

same period (March to May) before and after the

event for both approaches (Figure 3a). The same

periods were used each year to minimize season-

ality effects. The before event period (NDVIBefore)

incorporated two years of data before the event

(that is, March to May for years 2019 and 2020).

The after-event period (NDVIAfter) incorporated

data from three months immediately after the

freeze (that is, March to May of 2021). NDVI

reduction was calculated as the difference between

NDVIBefore and NDVIAfter. The proportional NDVI

reduction was calculated as the difference between

NDVIBefore and NDVIAfter divided by NDVIBefore,

multiplied by 100. For NDVI reduction, values less

than zero are possible for pixels where NDVIAfter
was slightly higher than NDVIBefore in unaffected

areas. Thus, for the proportional NDVI reduction

calculations, the minimum value possible was set

to zero and maximum value set to 100.

Data Analyses: Temperature Thresholds

We used nonlinear logistic regression analyses to

quantify the relationships between minimum

temperature and mangrove damage. Curves were

developed separately using ground-based data and

satellite-based data. To identify minimum temper-

ature thresholds for mangrove damage, we used

the first and second derivatives of the logistic

models to determine: (1) the inflection point that

represents the location of maximum rate of change

(T) and is the local maxima of the first derivative of

the logistic model, and (2) the maximum rate of

change that was determined as the area between

local maxima and minima peaks of the second

derivative of the logistic model, whereas T repre-

sents a discrete threshold and the absolute location

of the highest rate of change in mangrove damage,

and the area of maximum rate of change represents

a threshold range where the rate of change is

bFigure 3. Geospatial methods for a selecting mangrove

sites and processing satellite imagery using mangrove

distribution datasets and b quantifying the spatial extent

of mangrove damage. Before processing satellite images,

we compiled mangrove distribution datasets, which were

in the form of either classified vector or raster data.

Random data points within vector or raster data were

created and used as satellite-based sites for data

extraction. To reduce spatial image processing to a

defined area of interest, the newly created data points

were intersected with grid cell vector data of known

mangrove locations based on expert knowledge (Bardou

and others 2022). Sentinel-2 surface reflectance image

data were then restricted to the areas of interest. Images

were processed to remove clouds and cloud shadows.

Monthly max (per pixel) Normalized Difference

Vegetation Index (NDVI) composites were generated

from December 2018 to December 2021. Then the

median NDVIs from March to May for each year (2019,

2020, and 2021) were calculated per pixel. The years

2019 and 2020 were averaged together and classified as

‘Before’ the freeze event, while 2021 was classified as

‘After’ the freeze event. The difference between NDVI

values before and after was used as the total NDVI

reduction. Proportional NDVI was calculated by dividing

the NDVI reduction by the NDVI values before the event

and then multiplied by 100. The geospatial methods for

quantifying the spatial extent of mangrove damage used

included: (1) identifying mangrove areas using land

cover data from National Oceanic and Atmospheric

Administration (NOAA) Coastal Change Analysis

Program (C-CAP), benthic habitat data from NOAA,

and the NDVI reduction data. For the NDVI reduction

data, we only included areas where NDVI decreases were

greater than 0.25. The spatial extents where all three

datasets intersected were used to produce a final

mangrove damage spatial extent. Note that mangrove

damage spatial extent was quantified for central Texas

coast only.
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highest. For more information regarding the use of

area of maximum rate of change and inflection

points to detect thresholds, see Wilson and Agnew

(1992), Timoney and others (1993), Hufkens and

others (2008), and Frazier and Wang (2013). All

data analyses were performed in R (R Core Team

2022). Logistic regression analyses were conducted

using the drc package (Ritz and Strebig 2016).

Data Analyses: Ground-Based vs
Satellite-Based Mangrove Damage

To compare our ground-based mangrove damage

measurements with the satellite-based mangrove

damage measurements, we identified a subset of 36

sites where we could obtain both kinds of data. To

be included in this analysis, mangrove coverage

had to be extensive enough to cover the corre-

sponding 10-m satellite pixel, which was deter-

mined using Google Earth imagery. We extracted

satellite data for these 36 ground-based data points

and determined the NDVI reduction using the two

calculations described previously. Logistic regres-

sion analyses were used to quantify the relation-

ships between ground-based and satellite-based

mangrove damage data.

Landscape-Scale Mangrove Damage
(central Texas Coast Only)

One of our goals was to test whether NDVI reduc-

tion calculations could be used to characterize

mangrove damage across the landscape. Within the

1/8-degree grid cells covering an area of 10,752

km2, we applied the two NDVI reduction calcula-

tions per pixel (Figure S1). Grid cells in Texas cover

an area of 4,480 km2, in Louisiana an area of 5,376

km2, and in Florida an area of 896 km2. To illus-

trate the mangrove damage following the 2021

freeze event for central Texas coast only, we iso-

lated mangrove spatial extents from several layers

and compiled them into a single layer (Figure 3b).

We acquired coastal wetland coverage data from

the National Oceanic and Atmospheric Adminis-

tration (NOAA) 2015–2017 Coastal Change Anal-

ysis Program-Beta (C-CAP) 10-m resolution land

cover dataset (Office for Coastal Management

2022) (Figure 3b). To identify vegetated coastal

wetlands, we incorporated the following C-CAP

classes: estuarine forested wetland, estuarine scrub/

shrub wetland, and estuarine emergent wetland.

Although these data do not explicitly delineate

mangroves, they do identify areas that are coastal

wetlands. We also selected all areas identified as

mangroves in a benthic habitat map produced by

Finkbeiner and others (2009) (Figure 3b). The two

datasets were merged to create a single mangrove

habitat map for analysis. Our NDVI reduction

metrics were then used to identify coastal wetland

areas where mangrove damage occurred (Fig-

ure 3b).

RESULTS

Historical Station-Based Temperature
Data (1942–2022)

The station-based temperature data show that the

Galveston area has had 11 consecutive years of

winters without a freeze event, and more frequent

and recent freeze events cold enough to cause A.

germinans damage and/or mortality than other re-

gions in the study area (see points in 1989, 2000,

2010, and 2018 that fall below or near horizontal

dashed threshold lines in Figure 4). In contrast,

before the 2021 freeze event, the Corpus Christi

and Brownsville regions had 31 consecutive win-

ters without a freeze event below the threshold for

A. germinans mortality (note the absence of points

below the mortality threshold line during 1989–

2021 in Figure 4). The last major mangrove-rele-

vant freeze event for Corpus Christi and Browns-

ville occurred in 1989. Of the three regions,

Brownsville is the warmest area with the fewest

freeze events during the last eight decades that

could have led to A. germinans damage or mortality.

The December 1989 event was the last major freeze

event to affect all three regions (that is, Galveston,

Corpus Christi, and Brownsville) with tempera-

tures cold enough to cause A. germinans mortality

(Figure 4a–c). The station-based temperature data

indicate that freeze events in January 1947, Jan-

uary 1951, January 1962, and December 1983

were also cold enough to affect A. germinans in all

three regions.

Temperatures During the 2021 Freeze
Event (Gridded PRISM Data)

During the 2021 freeze event, recorded tempera-

tures cold enough to cause mangrove damage (that

is, less than - 4 �C) occurred between 15 and 17

February, 2021. The Port Aransas and Galveston

regions both had minimum temperatures near -

8 �C. Minimum temperatures in the coastal region

near Brownsville were as low as - 5 �C. Western

coastal Louisiana also experienced minimum tem-

peratures near - 5 �C. The coldest temperatures

experienced along the northern Florida coast dur-

ing this event were near 2.5 �C.
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Satellite-Based Mangrove Damage

The browning of mangrove leaves (Figure 2),

which was reflected in satellite images (Figure 5),

occurred shortly after the freeze event. The NDVI

time series by region showed clear and rapid

declines in NDVI after the freeze event in the Port

Aransas and Port O’Connor regions (Figure 5), al-

though there was some variability by region (Fig-

ure S2). For Port Aransas and Port O’Connor,

mangrove NDVI before the freeze event (March to

May 2019 and 2020) was five times higher than

after the freeze (March to May 2021) (Table 1).

There were no changes in NDVI for the Louisiana

and Florida regions (Table 1). There was consider-

able spatial variation in the severity of satellite-

based mangrove damage within the Port Aransas

and Port O’Connor regions (Figure 6b and c; see

vertical spread of points for these two regions),

compared to ground data. Sites with minimum

temperatures less than - 7.5 �C had an NDVI

reduction ranging from - 0.17 to - 0.72 (Fig-

ure 6b), equivalent to a proportional NDVI reduc-

tion from 28 to 100% (Figure 6c). There was a

strong nonlinear relationship between satellite-

based and ground-based mangrove damage (Fig-

ure S3). Threshold analyses indicate that ground-

based mangrove damage values near 100% are

likely when NDVI reduction values are less than

0.05 and proportional NDVI reduction values are

greater than 12% (Figure S3). The magnitude of

satellite-based NDVI reduction was highly variable

for areas where ground-based leaf damage was

near 100% (Figure S3), which helps explain the

large variation in NDVI reduction in Figure 6b and

c.

Ground-Based Mangrove Damage

Avicennia germinans individuals in the mid to

northern Texas coastal regions (that is, Galveston,

Port O’Connor, and Port Aransas) experienced the

greatest leaf damage from the 2021 freeze event

(Figure 6a and see photos in Figure 2) (Kaalstad

and others 2023). Mean ± sd ground-based leaf

damage was 100 ± 0%, 100 ± 0%, and 97 ± 10%

for Galveston, Port O’Connor, and Port Aransas,

respectively. The leaf damage in the Brownsville

region ranged from 0 to 69%. There was minor leaf

damage in western Louisiana near Bay Junop,

where leaf damage was below 50%, but no A. ger-

minans freeze damage in eastern Louisiana near

Port Fourchon and Grand Isle. There was no freeze

Figure 4. Annual winter minimum air temperatures for Galveston a, Corpus Christi b, and Brownsville c, Texas (USA) for

the 79-year period extending from 1942 to 2021. Stars denote the minimum temperature during the February 2021 freeze

event. Horizontal dashed lines are literature-based temperature thresholds for black mangrove (Avicennia germinans) leaf

damage and mortality (that is, - 4.2 �C and - 6.6 �C, respectively) (Osland and others 2020). Events below these lines are

expected to have caused leaf damage or mortality, respectively. The translucent purple areas within panels highlight recent

consecutive years without freeze events potentially leading to mangrove mortality.
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damage to mangroves in Florida from the 2021

event.

Minimum Temperature Thresholds for A.
Germinans Leaf Damage

Minimum temperature thresholds for A. germinans

leaf damage based upon ground data and satellite

data were near - 6.0 �C, although there is less

certainty with satellite-based data because of the

lack of data points near - 6.0 �C (Figure 6a–c). The

minimum temperature threshold from ground data

was determined to be - 5.7 �C (threshold range:-

6.3 �C to - 5.2 �C) (Figure 6a). For satellite-based

data using the NDVI reduction metric, the thresh-

old was determined to be - 6.4 �C (threshold

range: - 6.7 �C to - 6.2 �C) (Figure 6b). For

satellite-based data using the proportional NDVI

reduction metric, the threshold was determined to

be - 6.0 �C (threshold range: - 6.4 �C to -

5.7 �C) (Figure 6c). All nonlinear logistic regres-

sions were significant (p < 0.01).

Landscape-Scale Mangrove Damage
(Central Texas Coast Only)

Satellite data indicate that landscape-scale man-

grove damage was particularly severe along the

central Texas coast near Port O’Connor and Port

Aransas (Figure 7a and b, respectively). Mangrove

damage was slightly more severe in Port Aransas

compared to Port O’Connor. The NDVI reduction

Figure 5. Monthly minimum temperature (�C) using PRISM data and mean (± SE) Normalized Difference Vegetation

Index (NDVI) for black mangroves (Avicennia germinans) by region using the satellite data points from Figure 1. Horizontal

dashed lines (top panel) are literature-based temperature thresholds for black mangrove (Avicennia germinans) leaf damage

and mortality (that is, - 4.2 �C and -6.6 �C, respectively) (Osland and others 2020). The snowflake symbol (bottom

panel) denotes the February 2021 freeze event. The vertical gray rectangles (bottom panel) represent months that were

used for mangrove damage analyses, NDVIBefore March to May 2019 and 2020 and NDVIAfter March to May 2021. NDVI is

a commonly used vegetation index that can be used to quantify the greenness of a pixel area. We used changes in NDVI to

quantify mangrove leaf damage or loss due to the 2021 freeze event (for example, see photos in Figure 2 and abrupt

decrease in NDVI in Port Aransas and Port O’Connor following the event).

Table 1. Summary of Normalized Difference
Vegetation Index (NDVI; Mean ± sd) by Region
for Mangroves Before and After the 2021 Freeze
Event

Region NDVIBefore NDVIAfter

Florida 0.62 ± 0.15 0.62 ± 0.17

Louisiana 0.76 ± 0.12 0.76 ± 0.22

Port O’Connor, Texas 0.73 ± 0.11 0.31 ± 0.15

Port Aransas, Texas 0.70 ± 0.16 0.20 ± 0.17

Note the large decrease in NDVI in the Port O’Connor and Port Aransas regions.
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approach indicates that mangrove damage in the

Port Aransas and Port O’Connor regions occurred

in at least 1,215 and 1,037 ha of coastal wetlands,

respectively. The proportional NDVI reduction ap-

proach reflected a similar pattern of landscape-scale

mangrove damage.

DISCUSSION

Our results show that satellite imagery and NDVI

metrics, in combination with mangrove and/or

coastal wetland distribution data, can be used to

investigate spatial and temporal patterns of man-

grove leaf damage from freeze events, adding to

previous studies demonstrating the utility of satel-

lite-based measurements of mangrove vegetation

change (Cavanaugh and others 2014, 2018; Zhang

and others 2016; Lagomasino and others 2021).

Our results also demonstrate the power of inte-

grating remote sensing with regional, coordinated

ground-based observations, which enabled us to

investigate mangrove damage at larger spatial and

temporal scales compared to field-based methods

alone.

Despite the many benefits of remote sensing,

there are some challenges and limitations of using

satellite-based data to assess mangrove freeze

damage. For example, satellite image resolution

directly affects image processing time, which affects

many steps including the removal of clouds and

cloud shadows, the creation of monthly compos-

ites, and the development of pixel-based metrics

(Tahsin and others 2018). Poor temporal resolution

can also present a challenge, as there were some

mangrove regions (for example, south Texas near

Brownsville) that were not included in remote

Figure 6. The nonlinear logistic relationships between minimum air temperature using PRISM data and black mangrove

(Avicennia germinans) leaf damage as measured by a ground-based observations of leaf damage, b satellite-based

Normalized Difference Vegetation Index (NDVI) reduction, and c satellite-based proportional NDVI reduction. Solid

vertical lines within-panel indicate discrete minimum temperature thresholds (T), while vertical dashed lines indicate

threshold ranges [that is, areas of maximum rate of change (AMRC)]. Note that data from Galveston and Brownsville sites

are only in panel a (ground data); appropriate satellite data from those two areas were not available for inclusion in panels

b and c.

Figure 7. Landscape-scale mangrove damage was

particularly severe along the central Texas coast near

Port O’Connor a and Port Aransas b. For each location,

mangrove damage is shown using mean Normalized

Difference Vegetation index (NDVI) reduction (see

Figure 5 for temporal window used). The scale and

compass heading apply to both panels a and b.
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sensing analyses because of cloud contamination.

There are higher resolution satellites available,

such as 3-m PlanetScope imagery, that can poten-

tially detect smaller mangrove patches, but finer

resolution involves longer processing times.

Geometric correction issues and the need for

tight image co-registration can also present chal-

lenges when using finer resolution data, such as

PlanetScope (Frazier and Hemingway 2021). If

there were pixels with fewer observations, it is

possible the maximum NDVI was artificially lower

due to flooding. The spatial configuration of man-

groves can also be a limitation, as mangroves are

often found along wetland edges that may not

completely cover a satellite image pixel (Wang and

others 2019), which can lead to pixel purity issues

(that is, having more cover types than just man-

groves in a pixel). Pixels that have open water/

water edge in them will have lower NDVI even

without any vegetation differences among them.

The mixed pixel issues may also explain the large

amount of variation in NDVI reduction (Figure 6b

and c) as well as the nonlinear relationship be-

tween ground-based and satellite-based methods

(Figure S3). The variation in NDVI may also have

been caused by mangrove phenology differences in

the years prior to freeze, as phenology is known to

respond to seasonal cycles in temperature, precip-

itation, and nutrients (Zhang and others 2016).

Our analyses quantify the landscape-scale dam-

age to mangroves that occurred across the Texas

coast during the 2021 freeze event, but our mea-

surements do not quantify mangrove mortality or

recovery. Avicennia germinans plants can rapidly

resprout and recover from moderate freeze events

that cause damage but do not lead to mortality

(that is, freeze events with temperatures between

- 4 �C and - 7 �C) (Osland and others 2020).

However, temperatures less than - 7 �C can lead to

mortality (Osland and others 2020) and an ex-

tended period of recovery (Stevens and others

2006; Cavanaugh and others 2019). Mangrove

mortality and recovery during the 2021 event are

currently unknown and warrant further investi-

gation.

Future research is needed to investigate: (1)

mangrove mortality during the 2021 freeze event;

(2) mangrove recovery after the freeze event; (3)

mangrove life stages that were most affected by the

freeze (Pickens and Hester 2011; Coldren and

Proffitt 2017; Macy and others 2021; Hoffman and

others 2022); and (4) whether certain landscape

positions helped mangroves survive the freeze

event because of abiotic differences (Weaver and

Armitage 2018; Feller and others 2022) or micro-

climatic conditions that provided a buffering effect

against the freeze event (Ross and others 2009;

Devaney and others 2017; Osland and others

2019). The utility of other vegetation and water

indices, such as Normalized Difference Water/

Moisture Index or Visible Atmospheric Resistant

Index, should also be evaluated because NDVI can

be sensitive to the presence of moist soils and water

(Gao 1996; Gitelson and others 2002). Alterna-

tively, pixels could be screened and filtered for tides

with a tide index appropriate for moderate spatial

resolution pixels, such as FLATS (Narron and oth-

ers 2022).

Our analyses show that the minimum tempera-

ture thresholds for mangrove leaf damage quanti-

fied using satellite-based data are similar to

thresholds determined from ground-based data.

This finding opens the door to new investigations

because satellite-based mangrove damage data and

gridded temperature data are more widely available

and span larger temporal and spatial scales than

field-based measurements. During the 2021 event,

the minimum temperature threshold for A. germi-

nans leaf damage was determined to be near -

6 �C. During a 2018 freeze event, the minimum

temperature threshold for A. germinans leaf damage

was determined to be slightly warmer (that is, near

- 4 �C) (Osland and others 2020).

There are many factors that could explain the

differences in temperature threshold between these

two studies, including freeze duration, the quality

of temperature data (that is, local, ground-based

data vs. gridded interpolated data from adjacent

areas), microclimatic variation (Ross and others

2009; Devaney and others 2017; Osland and others

2019), conditions preceding the freeze event,

nutrient enrichment (Feller and others 2022), and

intraspecific and life-stage dependent differences in

freeze tolerance (Pickens and Hester 2011; Coldren

and Proffitt 2017; Macy and others 2021; Hoffman

and others 2022). Collectively, these two studies

indicate that within the northern Gulf of Mexico,

A. germinans leaf damage is likely to occur when

temperatures are below the following range: -

4 �C to - 6 �C. Temperature thresholds for A. ger-

minans individuals in south Florida are expected to

be higher due to the decreased exposure of A. ger-

minans individuals to temperatures of this magni-

tude as well as natural selection processes that have

resulted in adaptive genetic differentiation (Sher-

rod and McMillan 1985; Madrid and others 2014;

Cook-Patton and others 2015; Kennedy and others

2020, 2022).

In this study, we demonstrate a multi-step pro-

cess (Figure 3) for using satellite-based data in
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combination with ground-based observations to

expand the spatial and temporal extent over which

mangrove damage and recovery can be quantified.

As climate change continues to accelerate and

satellite data continue to improve, the use of re-

mote sensing technology will become increasingly

valuable for assessing vegetation damage and

recovery following extreme events. Collectively,

our analyses show the value of integrating re-

motely sensed data with regional, coordinated

ground-based freeze damage observations for

quantifying the effects of extreme freeze events on

mangroves and other tropical, cold-sensitive plants.

In a rapidly warming world where tropical and

subtropical species are increasingly moving pole-

ward in response to changes in the frequency and

intensity of extreme cold events, this information

regarding freeze tolerances and sensitivities is

needed to better anticipate and prepare for rapidly

changing range limits.
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