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ABSTRACT

Low temperature stress is the primary factor

determining the latitudinal limits of tropical plants.

As the climate warms, tropical species are migrating

poleward, displacing native species and modifying

ecosystem structure and function. Changes are

particularly evident along latitudinal gradients with

the highest velocity of change occurring in wet-

lands. In coastal wetlands, saltmarshes dominate at

latitudes above 30�, whereas mangroves occur

mostly in the tropics because most species are

intolerant of freezing temperatures, but others, like

Avicennia germinans (black mangrove), do tolerate

freezing temperatures. In response to a warmer

climate and fewer killing freezes, mangroves are

currently expanding into saltmarshes. However,

the speed of the transition from saltmarsh to

mangrove can also be modified by extreme events

and nutrient subsidies. In a fertilization experiment

along the Atlantic coast of North America, we

found that nitrogen addition altered plant traits in

Avicennia, which increased their resistance to

freezing temperatures. This trait shift resulted in

negligible freeze effects during a January 2018 ex-

treme freeze event compared to unfertilized plants,

which lost more than 80% of the leaves and more

than 40% of the wood in their canopies. The

freeze-killed litter from unfertilized plants provided

a nutrient pulse that influenced recovery, growth

and mangrove cover for three years following the

freeze. Nutrient enrichment and recovery from the
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freeze effects led to increased growth and structural

complexity of the mangrove canopy, which further

enhanced freeze tolerance, shrub growth form and

the ability of Avicennia to displace the saltmarsh in

the temperate–tropical ecotone.

Key words: fertilization experiment; nitrogen

limitation; plant traits; freeze resistance; microcli-

matic warming; extreme freeze events; salt-

marshes; climate change; temperate–tropical

ecotone.

HIGHLIGHTS

� For the black mangrove (Avicennia germinans)

growing near its range limit along the upper east

coast of Florida, fertilization increased freeze

resistance and reduced the negative effects

caused by an extreme freeze event by more than

80%.

� Coastal eutrophication will accelerate the rate of

regime shift from saltmarsh- to mangrove-dom-

inated wetlands in this temperate–tropical eco-

tone.

� Recovery of freeze-affected black mangroves

depends on nutrient availability and the severity

of the effects.

INTRODUCTION

Climate change is causing shifts in the distribution

of species along latitudinal gradients, leading to

changes in the structure and function of source and

recipient ecosystems (Chuang and Peterson 2016).

In the ecotone between temperate and tropical

climates, global warming has resulted in a de-

creased frequency of extreme cold events over the

past 30 years, allowing tropical and subtropical

species to migrate poleward and establish popula-

tions beyond their historic range limits (Stevens

and others 2016; Osland and others 2021). The

highest velocity of climate-driven vegetation

change is occurring in wetlands, affecting both

saltmarshes and mangrove ecosystems (Loarie and

others 2009). For coastal wetlands in the warm

temperate zone (Lugo and others 1999), man-

groves are expanding further poleward into tem-

perate saltmarshes to form mixed ecotonal

ecosystems (Perry and Mendelssohn 2009; Sainti-

lan and others 2014; Cavanaugh and others 2015;

Chen and others 2017).

Along the Atlantic coast of North America, this

temperate–tropical ecotone spans more than two

degrees of latitude, from 28.2�N to 30.5�N (Ken-

nedy and others 2021). According to historical re-

cords, the northern and southern boundaries of

mangrove distribution within this ecotone have

expanded and contracted multiple times over the

past 250 years in response to extreme freeze events

caused by intense cold-air outbreaks (Roger and

Rohli 1991; Cavanaugh and others 2019). Over this

period, numerous freeze events had widespread

effects on mangroves, including mortality, canopy

loss, defoliation and stem breakage (Bidlingmayer

and McCoy 1978). Between January 2021 and the

extreme freeze of December 1989, which had a

minimum temperature of -8.3 �C, this area also

experienced seven freezes with temperatures be-

tween -4 �C and -7 �C (data obtained from the

National Climatic Data Center, NCDC). These sub-

lethal freezes had extensive effects on the canopy

but caused low mortality of the mangroves (Osland

and others 2020).

Even though mangrove area has declined glob-

ally (Valiela and others 2009), mangrove range has

expanded latitudinally as climate has warmed

(Cavanaugh and others 2015), and as tropical cy-

clones have continued to disperse mangrove

propagules poleward of their current range limit

(Kennedy and others 2020). Along Florida’s NE

coast, mangroves have doubled their area and

progressively expanded their distribution north-

ward over the past 30 years (Rodrı́guez and others

2016). But, unlike more tropical areas, mangrove

forests in this ecotone are dominated by low-sta-

ture, multi-stemmed shrubs, a growth form typi-

cally associated with environmental disturbances

and abiotic stress, including high salinity, low

temperature and low soil fertility (Bellingham and

Sparrow 2009). The black mangrove (Avicennia

germinans), a prolific resprouter and the most

freeze-tolerant mangrove in Florida, is the domi-

nant species in these shrub mangrove stands.

Expansion of shrub mangroves into herbaceous

saltmarshes not only causes a change in commu-

nity composition but also a dramatic transforma-

tion in the structure of coastal communities (Ross

and others 2009). This shift is expected to have far-

reaching consequences for ecological processes

(Guo and others 2017) and associated ecosystem

services (Kelleway and others 2017).

In addition to the effects of climate change on

mangrove distribution, nutrient over-enrichment

of coastal wetlands, a major threat worldwide

(Malone and Newton 2020), can also hasten the

expansion of mangroves into saltmarshes (Weaver

I. C. Feller and others



and Armitage 2018; Dangremond and others

2020). The detrimental effects of nutrient loading

on mangroves and saltmarshes include eutrophi-

cation, hypoxia, establishment of non-native spe-

cies and increased coastal erosion (Deegan 2012).

When coupled with climate change, nutrient

enrichment may also cause additional changes in

coastal wetlands (Turner and others 2009).

Recent studies provide evidence of how man-

groves and saltmarshes are affected by excess

nutrients, which can influence their responses to

global warming (Dangremond and others 2020).

Experimental nutrient enrichment increases both

above- and belowground mangrove biomass

(Hayes and others 2017) and their capacity to store

carbon (C) (Lovelock and others 2014), trap sedi-

ments, build soil and persist as mangrove habitats

through time (McKee and others 2007). Nutrient

enrichment also results in higher productivity,

which is linked to a greater delivery and diversity of

the numerous ecosystem services attributed to

mangroves (Kelleway and others 2017). However,

increased productivity has also been shown to

make mangroves more vulnerable to extreme

events, including droughts (Lovelock and others

2009) and tropical cyclones (Feller and others

2015). Increased mortality from extreme events in

response to nutrient enrichment is expected to

exert a negative feedback on C storage and surface

elevation as mangroves replace saltmarsh in the

temperate–tropical ecotone (Doughty and others

2016). In saltmarshes, some studies have also

linked nutrient enrichment to increased erosion

and loss of ecosystem services (Mo and others

2020). In contrast, other studies have found that

nutrient enrichment resulted in increased below-

ground biomass and sediment capture, which sta-

bilize wetlands (Morris and others 2013). However,

the relationship between nutrient enrichment and

vulnerability to freeze events remains unclear for

both mangrove and saltmarsh ecosystems.

In this study, we investigated the effects of

nutrient enrichment on mangrove responses to a

freeze event in the temperate–tropical ecotone.

Specifically, we investigated the plant traits asso-

ciated with freeze effects and the recovery from a

freeze in a mixed mangrove–saltmarsh ecosystem

along Florida’s NE coast. Replicate plots containing

an Avicennia germinans (hereafter Avicennia) shrub

and an understory of Avicennia seedlings and

herbaceous saltmarsh vegetation dominated by

Batis maritima L. (hereafter Batis) and Sarcocornia

perennis were fertilized annually since December

2012 with nitrogen (N) or phosphorus (P) or left

unfertilized as the Control. Previous work showed

that plant growth in this experiment was N-limited;

that is, N addition increased shoot elongation, leaf

area index (LAI), percent cover, reproductive out-

put, canopy height and volume of the Avicennia

shrubs and it decreased cover and diversity of

saltmarsh vegetation (Dangremond and others

2020). Nitrogen addition also altered plant traits

often correlated with freeze tolerance (Cook-Patton

and others 2015). In January 2018, a three-day

sublethal freeze caused visible effects but no mor-

tality in our fertilization experiment. This gave us

an opportunity to study how the freezing event

affected mangroves and saltmarsh plants, to deter-

mine how it varied among nutrient treatments and

to track their recovery over the next three years. In

this study, we tested the following three hypothe-

ses (H1, H2 and H3):

� H1: Plants growing in nutrient-limited soil

increase their C allocation to leaves, which is

reflected in a suite of canopy- and leaf-level traits

(for example, high leaf mass per area, slow

growth, reduced canopy structure, low photo-

synthetic rates, more sclerophyllous leaves and

efficient nutrient conservation strategies) that

also make them more resistant to environmental

stressors, including freezing temperatures (Ordo-

ñez and others 2009). Although results vary by

species, it is commonly assumed that fertilized

plants are more tender and vulnerable to freezing

(Charrier and others 2015), which predicts that

the N-fertilized (hereafter + N) Avicennia plants

in our experiment will experience more negative

effects when exposed to a freeze event.

� H2: Increased complexity in the canopy structure

of shrubs enhances microclimatic warming and

buffers air temperatures beneath the canopy,

which provides cold-intolerant plants with a

mechanism to avoid negative effects during

freeze events (Gratani and others 2003). This

hypothesis predicts that our + N-fertilized Avi-

cennia shrubs will experience fewer negative

effects because of increased shrubbiness, cover

and LAI. The lower stature and less complex

structure of Control and P-fertilized (here-

after + P) plants are expected to have a smaller

impact on microclimatic warming, which will

result in more negative effects in these treat-

ments.

� H3: In low-nutrient sites that are frequently

exposed to sublethal freezing temperatures, basal

resprouting is the primary mechanism for recov-

ery from freeze damage in shrubs (Bellingham

and Sparrow 2009). Resprouting from basal

epicormic shoots allows freeze-damaged man-
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groves to recover within one to three years

(Osland and others 2020). However, recovery

depends on plant size, nutrient resources and

damage severity (Feller and others 2015).

We predict that differences in nutrient treatment

will result in variable propagule production versus

resprouting as mechanisms for recovery in freeze-

affected Avicennia shrubs. Specifically, we expect

that the + N plants in our experiment will repro-

duce sexually by producing propagules in contrast

to Controls and + P plants, which will recover

vegetatively by resprouting. We also predict that

repetitive damage by sublethal freeze events and

subsequent basal resprouting will increase the

shrubbiness (stems/shrub) of Avicennia in this eco-

tone, which may increase their resistance to future

freeze events (D’Odorico and others 2012).

To test these hypotheses, we quantified Avicennia

freeze effects in our fertilization experiment fol-

lowing the January 2018 freeze. We examined

relationships between freeze effects and morpho-

logical, physiological and structural traits at both

leaf and canopy levels that have previously been

correlated with increased vulnerability to cold

stress (Hayes and others 2019). We also measured

whole plant responses (for example, canopy traits,

growth, resprouting) for three years post-freeze to

track how these plants recovered from the effects of

a sublethal freeze.

MATERIAL AND METHODS

Study site

Our fertilization experiment was set up in Decem-

ber 2012 within a mixed saltmarsh–mangrove

wetland (140 ha) on Anastasia Island just north of

Matanzas Inlet in the Guana Tolomato Matanzas

National Estuarine Research Reserve (GTMNERR),

St. John’s County, FL (N29�43¢, W81�14¢), USA,

near the poleward range limit for mangroves along

the Atlantic coast (Figure 1). Our initial objective

was to determine whether increased nutrients af-

fected the rate of mangrove expansion, as described

in Dangremond and others (2020). To characterize

the mangrove vegetation at this location, we used

the point-centered quarter method (Cintrón and

Schaeffer-Novelli 1984), with data obtained in

June 2018 at 20 points at regular intervals across

the widest part of the site, which was dominated by

a dense stand (4.5 m-2) of multi-stemmed

(Mean ± SE: 2.6 stems ± 0.1 shrub-1), low-sta-

ture Avicennia shrubs intermixed with an under-

story of saltmarsh species (Spartina, Batis,

Sarcocornia).

The climate is transitional between subtropical

and temperate zones, with a maximum air tem-

perature of 20.8 �C ± 1.2 during the winters

(December–February) and 31.4 �C ± 1.3 during

the summers (June–September), and relatively

constant during springs and falls (26.3 �C ± 1.0).

From 2012 through 2017, and winter temperatures

were relatively warm with no cold events lasting

longer than one day (January 4, 2012, -1.1 �C;
February 2, 2012, -2.8 �C; January 7, 2014, -

3.3 �C). On January 17, 18, 19, 2018, this area

experienced a sublethal freeze with minimum

temperatures of -1.1 �C, -4.0 �C, -2.8 �C, respec-

tively, with freezing temperatures lasting for more

than10 hours each day (NCDC). No additional

freeze events occurred at the experimental site

during the three years following the January 2018

freeze.

Experimental design

Avicennia shrubs of similar stature, approximately

10 m apart, were selected within the mixed salt-

marsh–mangrove wetland. Small plots

(1 m 9 1 m) were cordoned off around Avicennia

shrubs, seedlings and saltmarsh to prevent tram-

pling and to monitor fertilizer effects on the sub-

strate and understory. The target shrubs were

fertilized annually with one of three randomly as-

signed nutrient treatments (Control, + N, + P;

N = 8) with 300 g of N as NH4 (45:0:0) or P as P2O5

(0:45:0), described in Feller (1995). Fertilizer

(150 g) was sealed in dialysis tubing and placed in

each of two holes (3 cm diameter 30 cm deep),

cored into the substrate on opposing sides of an

Avicennia shrub beneath the outermost margin

(dripline) of the canopy and sealed.

Freeze Effects

Initial symptoms of the January 2018 freeze in-

cluded leaf browning and desiccation in the Avi-

cennia canopy, which distinguished them from

living (green) leaves (Osland and others 2020). The

freeze-killed leaves quickly turned brown, but they

remained attached to the plants for almost four

months after the freeze event with most leaf fall

during the following May.

We began measurement of freeze-killed leaves in

February 2018, three weeks after the freeze. To

quantify freeze effects to each fertilized plant, we

counted all leaves including: live (green); senescent

(yellow); dead non-senescent completely brown;

and dead non-senescent mottled brown and mea-

sured leaf area and biomass on one stem/shrub.

Because the mottled brown leaves were completely

I. C. Feller and others



brown when we revisited the site in April, the

numbers of brown and mottled brown leaves were

combined for a total of leaves killed by the freeze.

Criteria for the stem selected were that it reached

the top of the shrub canopy and was in a position

that permitted access without damage to adjacent

parts of the canopy. These values were multiplied

by the number of stems/shrub to estimate leaf

number, area and biomass for the whole canopy

and were used to determine proportion of the

leaves and leaf biomass killed by the freeze. We also

measured the vertical distribution of freeze effect

from ground level to the top of the canopy for each

fertilized shrub. Subplots, 1.0 m 9 0.5 m, adjacent

to each fertilized shrub were used to quantify

freeze effects on seedling and saltmarsh density,

and size.

We monitored freeze effects in the fertilization

experiment at frequent intervals (February, April,

May, June and September 2018) to determine its

impact on litter fall and stem death. By June 1,

2018, all freeze-killed leaves initially measured in

February had fallen and provided an estimate of

litter production by each fertilized Avicennia. We

also observed numerous defoliated stems and

extensive top-kill in shrub canopies. To estimate

the proportion of woody biomass killed by the

freeze, we counted live and dead stems on each

plant on June 1, 2018.

Explanatory Variables

To assess the role of canopy structural and leaf traits

that have been shown to influence the sensitivity

of Avicennia to freeze effects, we assembled a data-

base of explanatory variables, including canopy

traits measured in February 2018 and leaf traits

from Dangremond and others (2020) (Table 1).

Canopy traits included height (m), crown area

(m2), volume (m3), leaf area index (LAI, m2 m-2),

shrubbiness (stems/shrub), leaf density (leaves/

shrub) and cover (%) of all canopy components.

Leaf area index was measured with a Li-Cor 2250

Plant Canopy Analyzer (LI-COR, Lincoln, NE).

Crown area was calculated as a regular ellipse based

on the widest diameter and its orthogonal axis.

Canopy volume was calculated using canopy

height and crown area in a derived formula for

shrub canopies (Thorne and others 2002). For ca-

Figure 1. (A) Location of a long-term fertilization experiment in a (B) mixed mangrove–saltmarsh wetland along

Matanzas Inlet in NE Florida (USA) where an extreme freeze event occurred in January 2018.
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nopy cover, a 1 9 1 m nadir photograph of each

shrub was analyzed with SamplePoint (Booth and

others 2006).

We used analysis of covariance (ANCOVA) to

evaluate the effects of nutrient treatment on freeze

effects observed following the January 2018 freeze

while controlling for differences between treat-

ments, such as height. Only two traits, canopy

volume and leaves/plant, had slopes that were

significantly different between treatments. For ca-

nopy volume, ANCOVA results are reported; for all

other traits, we proceeded with one-way analysis of

variance (ANOVA) to assess the influence of

nutrient enrichment treatments on the effect ob-

served. When an ANOVA yielded significant ef-

fects, pairwise multiple comparison procedures

(Holm–Sidak method) were applied. The propor-

tion of leaves killed by the freeze was arcsine-

square root transformed prior to analysis.

We evaluated the relationships between plant

trait variables with freeze effects, using data and

trait values for those variables that varied signifi-

cantly in response to nutrient enrichment. We

excluded variables from these analyses that were

not significantly different among the three fertilizer

treatments. Specifically, we assessed the relation-

ships between freeze effects and leaf and canopy-

level variables (that is, %C, %N, C:N, N:P, above-

ground biomass allocation, chlorophyll content; see

Table 2 for complete list). Leaf nutrient data were

used to estimate the N and P content in the freeze-

killed leaves. Because many of the explanatory

variables were likely correlated, we used principal

components analysis (PCA) to reduce the variables

into fewer dimensions. Data were scaled and cen-

tered as part of the analysis.

As an additional leaf trait, we measured glycine

betaine content of live, freeze-killed and senescent

leaves from the fertilized shrubs because this

compatible solute has been linked to freeze toler-

ance in Avicennia and many other species (Chen

and Murata 2011). The protocol for analysis of

glycine betaine accumulation was measured as

described in Hayes and others (2019).

Recovery

To track recovery of the Avicennia shrubs, we

compared annual growth and allocation to above-

ground biomass from the year before and the three

Table 1. Responses of Canopy Structural Traits to Nutrient Enrichment Treatments at the Time of the
January 2018 Freeze Event

Trait Nutrient enrichment treatments One-way ANOVA results

Avicennia germinans Control Nitrogen Phosphorus F P

Plant height (m) 0.83 (0.02)a 1.2 (0.02)b 0.76 (0.01)a 25.37 < 0.001

Crown area (m2) 2.03 (0.15)a 4.20 (0.26)b 2.06 (0.11)a 5.64 0.011

Leaf Area Index (m2 Æ m-2) 2.47 (0.14)a 3.83 (0.24)b 2.31 (0.22)a 15.9 < 0.001

Shrubbiness (stems/shrub) 4.5 (0.2) 6.3 (0.3) 5.9 (0.3) Ns

Avicennia cover (%) 51.6 (4.6)a 91.3 (3.8)b 58.9 (4.6)a 30.3 < 0.001

Seedling density (m-2) 48.5 (2.1) 43.5 (3.0) 31.3 (2.2) Ns

Seedling height (cm) 21.9 (0.1)a 25.3 (0.3)a 22.9 (0.1)a 9.63 0.001

Batis maritima

Saltmarsh height (cm) 50.3 (0.6) 52.1 (1.0) 46.2 (0.5) Ns

Saltmarsh cover (%) 29.1 (4.6)a 5.3 (3.2)b 24.3 (4.9)a 11.60 < 0.001

Table 2. Contributions of 17 Leaf and Canopy
Trait Variables to the First Two Principal
Components, Expressed as Percentages

Variable PC1 PC2

Total freeze damage (%) 10.7 0.34

Plant height (cm) 10.1 0.01

LAI 8.99 0.88

Leaves (per shrub) 8.95 0.97

Canopy volume (m3) 8.90 0.03

Canopy growth (cm y-1) 8.64 0.03

Chlorophyll (mg m-2) 7.10 0.45

Leaf size (cm2) 6.38 0.15

Leaf N (%) 6.36 7.67

Leaf C (%) 5.72 2.85

Cover (%) 5.28 0.80

Crown area (m2) 5.18 10.4

Leaf C:Nat 4.15 13.0

Stems (per shrug) 2.34 12.1

Glycine betaine (lmol g-1) 0.94 15.5

Leaf P (%) 0.25 16.5

Leaf C:Pat 0.01 18.3

I. C. Feller and others



years after the January 2018 freeze. For annual

growth, we collected terminal 0.5-m long stem

sections in August 2020 from the top of the tallest

stem of each experimental Avicennia shrub and lo-

cated annual increments of growth of the main

axis, which are delimited by a series of short

internodes (winter growth) on either end separated

by series of long internodes (summer growth),

which together mark shoot elongation from the

previous winter to the onset of the next winter

(Duarte and others 1999). By locating these tran-

sitions in internode length proximal to the terminal

bud, we determined the length of each annual

increment within the harvested stem sections. Be-

cause the terminal buds were still intact, we used

this method to reconstruct the history of annual

growth rates for the year prior to the freeze even

though some stems had been killed by the freeze.

To compare differences in allocation to above-

ground biomass among the fertilized Avicennia

shrubs before and after the freeze, we also mea-

sured leaf mass fraction (LMF; leaf biomass (g):

leaf + stem biomass (g)) and stem mass fraction

(SMF; stem biomass (g): leaf + stem biomass (g))

for the annual increments harvested in October

2015 and in January 2021. In addition, we con-

tinued to measure LAI, percent cover and canopy

volume at six-month intervals to track how nutri-

ent enrichment affected recovery.

To determine whether the freeze altered the

mode of regeneration by vegetative resprouting

versus flowering, we also recorded the number of

basal resprouts and the proportion of terminal

shoots in flower in the canopy of each fertilized

shrub. The proportion of terminal shoots with

inflorescences was determined during dominant

flowering season in June 2018, July 2019 and June

2021. Basal resprouts were initially counted in

June 2018 and were recounted in January 2021.

During the recovery period, measurements of

growth (shoot elongation), LAI, LMF, SMF and

flowering were taken on the same individuals

multiple times. To account for temporal pseu-

doreplication, we used linear mixed effects models

with individual plant as a random effect and

treatment and time as fixed effects, with AIC used

for model selection. In the LAI analysis, the + N

treatment was significantly different than the other

two treatments, but Control and + P were not dif-

ferent from each other, so they were combined in

the final model (Figure S1, Table S1). We analyzed

epicormic shoot production per shrub in 2021 with

a Poisson generalized linear model (GLM). Data

analyses were performed in JMP 13.2 and R ver-

sion 3.43 (R Core Team 2017).

RESULTS

Freeze Effects

At the time of the freeze, multiple canopy struc-

tural traits of the fertilized Avicennia (for example,

plant height, crown area, LAI, shrubbiness, cover),

were significantly greater for + N plants than for

Controls and + P plants (Table 1). In November

2017, no freeze effect was evident in the Avicennia

shrubs at this site (Figure 2A). Two months later,

immediately after a three-day freeze in January

2018, a layer of brown, non-senescent, freeze-kil-

led leaves in the mangrove canopy was widespread

across the entire site including our fertilization

experiment (Figure 2B). There were significant

differences among the nutrient enrichment treat-

ments in the proportion of freeze-killed leaves

(Figure 3A; one-way ANOVA, F2, 21 = 37.2,

p < 0.001). Contrary to expectations from our H1,

response to the freeze was negligible in + N com-

pared to Control and + P plants, in which more

than 80% of the leaves were killed by the freeze

(Figure 2C-E). Although there was no difference

between Control and + P treatments in the pro-

portion of leaves killed by the freeze, within-ca-

nopy effects varied dramatically. From the ground

Figure 2. Fertilization experiment (A) eight weeks

before and (B) three weeks after the 3-day freeze event

in January 2018. (C) Freeze effect in N-fertilized plants

was negligible. (D) Visible freeze effects were severely

affected in the P-fertilized and (E) control plants

with > 80% of their leaves killed. (F) By June 2018,

leaf fall exposed (G) dead branches killed by the freeze.
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surface to a height coincident with the height of the

surrounding saltmarsh (Table 1), Avicennia leaves

below 50.3 cm ± 1.7 cm remained green with no

visible freeze response. From that height to the top

of the canopy, almost all the leaves in Avicennia

canopies in the Control and + P treatments were

completely brown and dead or mottled brown and

dead because of freeze effect. In contrast, there

were no freeze-killed leaves in any plants in the +

N treatment, which suggested that increased N

enhanced freeze resistance in Avicennia (Fig-

ure 2B). Other than small brown spots on a few

green leaves at 59.2 cm ± 1 above the ground that

accounted for less than 3% of the leaves, no freeze-

killed leaves were observed in the + N Avicennia,

which had larger canopy volumes and more leaves

per plant than Control and + P plants. A larger

canopy volume was associated with less freeze ef-

fect in Control and + P plants, but canopy volume

did not affect the response to the freeze in + N

plants (Figure 4; ANCOVA, F = 5.37, p = 0.01).

Similarly, for a given number of leaves per

plant, + N plants experienced less freeze effects

than Control or + P plants (ANCOVA, F = 4.02,

p = 0.036). The freeze-killed leaves fell into the leaf

litter by June 1. Compared to + N plants, differ-

ences among treatments in the number of leaves

killed per plant by the freeze also resulted in a

three- to fourfold increase in brown, non-senescent

litterfall biomass from the Control and + P plants.

In addition, this litter originated from green leaves

killed directly by the January 2018 freeze, which

precluded nutrient resorption, resulting in twice as

Figure 3. Proportion of (A) leaves and (B) stems in the canopies fertilized Avicennia germinans killed by a freeze in January

2018. Values are means ± 1 SE. Lowercase letters above bars show results of a one-way ANOVA for freeze-killed leaves

and a Kruskal–Wallis one-way ANOVA on ranks for freeze-killed stems.

Figure 4. Freeze effects among nutrient treatments as a

function of canopy volume. Solid lines show slope

significantly different than zero.

Figure 5. Principal components analysis of the 17 leaf

and canopy trait variables that responded to nutrient

addition. The variables are listed in Table 2.
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much N in leaves entering the litter than from

senescent leaves.

We also found differences among treatments in

the proportion of stem tissue killed by the January

2018 freeze with multiple dead stems in the Con-

trol and + P plants and no effect in + N plants

(Figure 3B). After leaf fall of the freeze-killed

leaves, we did not observe any dead stems in

the + N plants. In contrast, widespread top-kill was

evident with 92% ± 8 and 100% ± 13 of the

stems in Control and + P plants, respectively,

which were dead from the top of the Avicennia ca-

nopy to the top of the saltmarsh vegetation because

of the freeze. In the lower portions of these stems

beneath the adjacent saltmarsh canopy, the stems

were still alive.

Unlike the Avicennia canopy, no freeze effect was

observed to the saltmarsh understory throughout

the site. Percent cover for the saltmarsh was sig-

nificantly higher at Control and + P plants than

at + N plants (Table 1). Each cordoned-off plot had

a high density (41.1 m-2 ± 1.8) of small Avicennia

seedlings (23.4 cm ± 0.4 tall) with no difference

among treatments. There was no evidence of

seedling mortality or freeze effect caused by the

freeze in any of the plots.

Explanatory Variables

The PCA summarized the 17 variables that we

measured in response to nutrient treatments and

identified four eigenvalues greater than 1 that ac-

counted for 82% of the variation. The first two

eigenvalues accounted for 64% of the variation

(Figure 5). The explanatory variables contributing

most to the first axis (Axis I) were canopy-level

traits (that is, dead leaves and stems, plant height,

canopy growth and LAI), whereas the explanatory

variables that contributed most to the second axis

(Axis II) were leaf-level traits: C:P, percentage P

and glycine betaine (Table 2). Nitrogen-fertilized

plants differed dramatically from Control and + P

plants along Axis I, but they had more overlap

along Axis II (Figure 5).

Figure 6. Effects of nutrient treatment on shoot

elongation between 2017 and 2021.

Figure 7. Biomass allocation to (A) stems (stem mass

fraction) and (B) leaves (leaf mass fraction) in 2015 and

2021.

Figure 8. Proportion of shoots flowering before and after

the January 2018 freeze in each fertilizer treatment, 2016

to 2021.
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Recovery

Prior to the freeze, annual growth rates, measured

as shoot elongation from end of previous winter to

beginning of following winter (cm y-1), varied

significantly in response to nutrient enrichment

with similar growth rates for Control and + P

plants that were less than half that of + N plants. In

the year following the freeze (2018–2019), growth

rates dramatically increased in all treatments

compared to the previous year, with annual growth

rates in Control and + P plants similar to those

of + N plants (Figure 6). In the following year

(2019–2020), growth rates decreased to values

similar to Control plants at the start of the time

period. Shoot elongation of + N plants continued to

increase compared to the other treatments between

2020 and 2021 (mixed effects model, Table S2).

Leaf area index also increased dramatically for the

Control and + P plants between 2018 and 2019,

the year after the freeze. Leaf area index decreased

in + N plants in 2020 but increased again the fol-

lowing year (Table S1).

The proportion of aboveground biomass allo-

cated to leaves (LMF) versus stems (SMF) changed

significantly before (October 2015) and after (Jan-

uary 2021) the January 2018 freeze (Figure 7).

Although data from before the freeze showed that

nutrient enrichment had little effect on LMF or

SMF, the proportion of biomass allocated to leaves

was significantly higher before the freeze than

after, decreasing in all treatments (linear mixed

effects model, Table S3), whereas allocation to stem

biomass increased significantly after the freeze.

Following the freeze, nutrient enrichment also

altered recovery through its effects on flowering

and vegetative basal resprouting, which affected

canopy shrubbiness. By June 2018, 63% ± 7 of the

leaf-bearing shoots on + N plants had flowers

compared to 3% ± 1 on Control and 1% ± 1

on + P plants. A linear mixed effects model showed

that year, treatment and their interaction had sig-

nificant effects on flowering (Table S4). Al-

though + N plants overall had higher rates of

flowering than Control and + P plants, all treat-

ments experienced a decrease in 2018 compared to

2016 levels of flowering. By 2019, Control and + P

plants had recovered flowering potential to pre-

freeze levels, but + N plants had not (Figure 8).

In June 2018, none of the + N plants had formed

any basal sprouts. However, 100% of the Control

and + P shrubs were resprouting vigorously from

their bases and had produced 52.3 ± 9.5 and

54.5 ± 14.1 epicormic sprouts, respectively. By

2021, epicormic shoot production was reduced in

the Control and + P shrubs to an average of

2.5 ± 0.5 and 4.5 ± 0.7 epicormic shoots per plant,

respectively. The number of epicormic shoots pro-

duced by + P plants was significantly higher than

Control plants (Poisson GLM, p = 0.04, Table S5).

The + N plants had an average of 0.9 epicormic

shoots per plant in 2021, which was significantly

less than Control plants (Poisson GLM, p = 0.02,

Table S5).

DISCUSSION

Based on historical evidence, extreme but infre-

quent freeze events have set the poleward limits of

mangrove distributions along the Florida coast

(Lugo and Patterson-Zucca 1977; Kangas and Lugo

1990). Between 1835 and 1989, Florida’s NE coast

experienced 15 extreme freeze events that had

minimum temperatures between -8 �C and -13 �C
(Rogers and Rohli 1991; Attaway 1997), exceeding

the lethal freeze threshold established for man-

grove mortality along the Gulf of Mexico (Osland

and others 2020). Based on NCDC weather data for

1977 and 2021, this area also experienced 11 sub-

lethal freezes with minimum temperatures of -4 �C
to -7 �C in addition to four extreme freeze events

with minimum temperatures of -8.3 �C to -12.2 �C,
all of which occurred in the 1980s. Although few

studies have investigated the effects of past extreme

freeze events on mangroves (Bidlingmayer and

McCoy 1978; Lonard and Judd 1991), those effects

can be inferred from proxy data on citrus and other

crops (Attaway 1997). Despite limited firsthand

data, diverse historical sources for Florida (for

example, personal journals, plant and animal sur-

veys, herbarium sheets) recorded details and

observations for reconstructing changes in man-

grove distribution and compelling evidence that

widespread mangrove mortality coincided with

extreme freeze events (Cavanaugh and others

2019). In addition, the sublethal freezes, which are

cold enough to damage more than 50% of the

leaves but not to kill the plants (Lugo and Patter-

son-Zucca 1977; Pickens and Hester 2011), are

relatively common in this region during December

and January. The duration of such sublethal freezes

is also known to be equally or more important than

minimum temperatures for citrus cultivation (Att-

away 1997). Although few data are available from

mangrove ecosystems, Coldren and Proffitt (2017)

found that survival of Avicennia seedlings in a shade

house experiment decreased with increased dura-

tion of exposure to a sublethal freeze.

In this study, we also found that a sublethal

freeze did not cause mortality of mangroves, but it
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did cause major damage to the mangrove canopy.

In addition, our data showed that increased nutri-

ent availability reduced freeze effect to the man-

grove canopy and altered the mode of recovery

following the freeze, which contrasts with other

disturbances to mangroves where increased nutri-

ent availability has been linked to greater defolia-

tion and stem breakage in the canopy (Feller and

others 2015).

Following a three-day, sublethal freeze in Jan-

uary 2018 with minimum temperatures reaching -

4 �C on the second day, + N Avicennia shrubs in a

long-term fertilization experiment had little to no

visible freeze effect. In contrast, Control and + P

plants were severely affected and had lost more

than 80% of their leaf biomass. In addition, more

than 40% of their stem biomass was pruned from

the canopy. These data did not support our first

hypothesis, which predicted that increased nutrient

availability would increase freeze effect. Instead,

these results suggest that coastal eutrophication

will not only increase the growth and reproductive

output of mangrove plants in this system, but it will

also increase their cold tolerance and will further

accelerate the regime shift from saltmarsh- to

mangrove-dominated wetlands in this temperate–

tropical ecotone.

Despite extensive defoliation and stem losses

from the Avicennia shrubs in the Control and + P

treatments, none of the plants at our study site

were killed by the January 2018 freeze. Unlike

the + N plants in the experiment, which had no

basal resprouting, within four months Controls

and + P plants initiated numerous vigorous vege-

tative basal sprouts that far outnumbered the stems

killed by the freeze event. Within three years,

several of the sprouts in each Control and + P plant

survived to become part of the multi-stemmed

Avicennia canopy. Our results suggest that sublethal

freeze events coupled with an ability to regenerate

vegetatively by vigorous basal resprouting after a

disturbance have resulted in the multi-stemmed

shrub growth form characteristic of Avicennia

growing at its latitudinal limit (D’Ordico and others

2013). These findings support our second hypoth-

esis that structural traits may contribute a protec-

tive mechanism that allows Avicennia shrubs to

avoid exposure of their plant tissue to freezing

temperatures, with little evidence of increased

physiological freezing tolerance. They further sug-

gest that frequent, repetitive sublethal freezes that

occur in the temperate–tropical ecotone will cause

increased canopy shrubbiness. This may enhance

the microclimatic warming provided by the Avi-

cennia canopy and thereby create a positive feed-

back that leads to increased tolerance of future

lethal and sublethal freeze events (Huang and

others 2020). Similar results have been reported for

other ecosystems where differences in vegetation

can lead to changes in the local microclimate that

temper the impact of freeze events (He and others

2015). Thus, by increasing growth, cover and

complexity of the Avicennia shrub canopy, in-

creased nutrient availability may create spatial

heterogeneity that alters the microclimate to lessen

the impacts of sublethal and extreme freeze events

in the temperate–tropical ecotone. Our results

suggest that the characteristic shrub architecture of

Avicennia in this ecotone is an evolved trait that

increases survival at its latitudinal range limit.

Initial results from our fertilization experiment

showed that + N not only increased growth, but it

also altered a range of leaf and canopy traits in

Avicennia shrubs (Dangremond and others 2020,

Table 6S). Similar results have been reported for

other mangrove fertilization experiments in differ-

ent environments (Reef and others 2010). It is

broadly assumed that the vigorous new growth of

leaves and stems that develops in response to

nutrient enrichment is more sensitive to cold be-

cause it lacks the traits and structural rigidity typi-

cally associated with cold-tolerant plants

(Niinemets 2016). However, our findings contrast

with predictions that plants growing in high

nutrient availability are more susceptible to cold

stress than are nutrient-limited plants (Charrier

and others 2015; Song and others 2020). Predic-

tions from other experimental studies in temperate,

boreal and Mediterranean climates are equivocal

such that fertilization experiments had variable

effects in diverse woody species, for example, cold

tolerance increased (Taulavuori and others 2001),

decreased (Heredia-Guerrero and others 2014) or

did not change (Puertolas and others 2005), in re-

sponse to nutrient enrichment.

Results from this study also show that the N-

fertilized plants in our experiment were not visibly

affected by the January 2018 freeze and that only

the severely affected Control and + P plants

regenerated with vigor. Energy to build and

maintain the vigorous structure of the + N plants

was provided by our annual additions of fertilizer.

Yet, stress from the freeze event was still evident in

the + N plants especially during their second year

of recovery when they experienced a delayed and

slower rate of growth similar to Controls, no
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development of new stems from basal sprouting

and a decrease in flowering.

For mangroves growing at their latitudinal limit,

a suite of plant traits has been shown to make them

more tolerant of cold temperatures (Stuart and

others 2007; Cook-Patton and others 2015). How-

ever, fertilization experiments in various mangrove

ecosystems have demonstrated similar structural

and physiological adjustments in plant traits in re-

sponse to differences in nutrient availability (Reef

and others 2010). Based on a PCA of freeze effects

with leaf and canopy traits, we found that + N

plants were completely separated from Control

and + P plants. These results show that variations

in canopy structural traits (height, LAI, leaves per

shrub, canopy volume) explain most of the differ-

ences that we observed in freeze effects (Table 2),

which supports our second hypothesis. Thus,

nutrient enrichment results in a more vigorous,

complex and freeze-resistant canopy, which also

increases microclimatic warming (Thompson and

others 2017), contributes to mangrove dominance

of coastal marshes in the temperate–tropical eco-

tone (Osland and others 2019) and facilitates

poleward expansion of mangroves despite recur-

ring freeze events.

Similar to other species of woody plants (Niine-

mets 2016), freeze resistance in mangroves is cor-

related with canopy traits that modify the

surrounding microclimate and ameliorate air tem-

peratures. Although few studies have quantified

microclimatic warming in mixed mangrove–salt-

marsh ecosystems, its importance for protecting

mangrove seedlings in the understory from freeze

damage is well recognized (Pickens and Hester

2011; D’Odorico and others 2013; Osland and

others 2015, 2019). Both mangrove and saltmarsh

vegetation have been shown to contribute to

microclimatic warming in the understory that im-

proves seedling survival during freeze events

(Coldren and Proffitt 2017; Devaney and others

2017; Pickens and others 2019; Goldberg and Heine

2021). However, these studies found that air tem-

peratures were consistently warmer under shrub

mangrove canopies than under the co-occurring

saltmarsh plants during freeze events. We suggest

that survival of mangrove seedlings is facilitated by

shrubby adults, thus creating a positive feedback

that helps with mangrove infill and expansion.

Consistent with our third hypothesis, nutrient

availability also interacted with the January 2018

freeze to alter reproduction and canopy regenera-

tion in the Avicennia fertilization experiment. Even

though the + N-fertilized plants were not visibly

affected by the freeze event, their flowering was

significantly reduced for three years following the

freeze. Only the severely affected Controls and + P

plants were able to regenerate their canopies by

vigorous basal resprouting as predicted. However,

flowering by + N plants following the freeze was

significantly lower than pre-freeze flowering,

which only partially supports our hypothesis.

Consistent with estimates from other mangrove

ecosystems, recovery from the freeze event for both

flowering and growth was approximately three

years (Osland and others 2020).

Continued measurements of our fertilization

experiment after the freeze showed that nutrient

availability also had a significant effect on canopy

recovery. In the year following the freeze, growth

increased dramatically in the Control and + P

plants as well as the + N plants. These data suggest

that recycling of nutrients in the freeze-killed leaf

litter following the freeze coincided with and may

have stimulated the growth spurt that we observed.

Rather than causing the predicted decline in pro-

ductivity, the non-senescent leaves, which were

killed by the freeze in mid-January 2018 and fell

from the shrubs by June 2018, had more than 2%

N compared to less than 1% N in litter composed of

naturally senescent leaves (Dangremond and oth-

ers 2020). However, these freeze-killed leaves were

greenfall because they died while they were green.

Consequently, nutrient resorption, an important

physiological strategy for nutrient conservation in

plants, was prevented. Recycling of this large pulse

of higher quality litter may have provided

approximately twice the concentration of N as in

naturally senescent leaves. The growth spurt that

we observed after the freeze may have been trig-

gered by the greenfall of freeze-killed leaves that

created a short-lived pulse of N in early June that

was quickly recycled back into the mangrove. This

pulse of N may have been the resource pulse that

stimulated growth spurt of Controls and + P plants

to the point that they were almost equivalent to

our + N-fertilized Avicennia, which continued to

grow vigorously but produced no freeze-killed lit-

ter. Similarly, Ellis and others (2006) reported re-

sults for white mangrove (Laguncularia racemosa)

following a 2003 freeze event that also killed leaves

while they were still green, which prevented

nutrient resorption and likewise produced a pulse

of enriched litter. Numerous studies in other

forested ecosystems have reported analogous

nutrient pulses following deposition and rapid

decomposition of large amounts of greenfall caused

by various types of disturbances where it provided

N enrichment greater than background levels in

litterfall and had positive effects on productivity
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and recovery (for example, Yang and others 2008;

Cantrell and others 2014). It seems less likely that

the nutrient pulse that caused this short-lived

growth could have been stimulated by nutrients

from the nearby land or river. Thus, our results

suggest sublethal freezes may also create a nutritive

feedback response that increases resilience of the

Avicennia ecosystems in the temperate–tropical

ecotone, which potentially accelerates mangrove

recovery and expansion and enhances resistance to

future freeze events.

In conclusion, our results show that + N, the

growth-limiting nutrient in coastal wetlands in the

temperate–tropical ecotone, increases Avicennia’s

tolerance of freezing temperatures. Freezes are

relatively frequent during December and January

along Florida’s upper east coast, and this freeze

tolerance contributes to the ability of mangroves to

expand poleward. The increase in canopy structural

complexity that we observed in response to the + N

treatment correlated with an increase in freeze

tolerance, which suggests that nutrient over-en-

richment of the coastal zone may hasten the tran-

sition from saltmarsh to mangrove dominance in

the ecotone. Similar to fertilization experiments,

warming chamber experiments in mangroves and

other ecosystems have found that warmer tem-

peratures increase plant growth and shrubbiness

and alter microclimatic warming, biogeochemistry

and community structure (Chapman and others

2021). In contrast with the + N-fertilized Avicennia,

freeze damage reduced the canopies of Control

and + P plants by > 80% and prevented flowering

and propagule production for more than a year.

However, the canopies of these severely freeze-af-

fected plants were able to begin recovery within

four months via basal resprouting. Our data

showed that both N enrichment and freeze effects

stimulated increased complexity and shrubbiness of

the Avicennia canopy, which we predict would re-

sult in increased microclimatic warming that may

be an important mechanism to ameliorate the ef-

fect of episodic freeze events and facilitate the

expansion of mangroves in the temperate–tropical

ecotone.
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Peñuelas JL. 2014. Fertilization regime interacts with fall

temperature in the nursery to determine the frost and drought

tolerance of the Mediterranean oak Quercus ilex subsp. ballota.

Forest Ecology and Management 331:50–59.

Huang H, Anderegg LDL, Dawson TE, Mote S, D’Odorico P.

2020. Critical transition to woody plant dominance through

microclimate feedbacks in North American coastal ecosystems.

Ecology 101:e03107.

Kangas PC, Lugo AE. 1990. The distribution of mangroves and

saltmarsh in Florida. Tropical Ecology 31:32–39.

Kelleway JJ, Cavanaugh K, Rogers K, Feller IC, Ens E, Doughty

C, Saintilan N. 2017. Review of the ecosystem service impli-

cations of mangrove encroachment into salt marshes. Global

Change Biology 2017:1–18.

Kennedy JP, Dangremond EM, Hayes MA, Preziosi RF, Rown-

tree JK, Feller IC. 2020. Hurricanes overcome migration lag

and shape intraspecific genetic variation beyond a poleward

mangrove range limit. Molecular Ecology. https://doi.org/10.

1111/mec.15513.

Kennedy JP, Sammy JM, Rowntree JK, Preziosi PF. 2021.

Mating system variation in neotropical black mangrove, Avi-

cennia germinans, at three spatial scales towards an expanding

northern distributional limit. Estuarine, Coastal and Shelf

Science 248:106754.

Ladwig LM, Collins SL, Krofcheck DJ, Pockman WT. 2019.

Minimal mortality and rapid recovery of the dominant shrub

Larrea tridentata following an extreme cold event in the

northern Chihuahuan Desert. Journal of Vegetation Science

30:963–972. https://doi.org/10.1111/jvs.12777.

Lenoir J, Svenning. 2014. Climate-related range shifts – a global

multidimensional synthesis and new research directions.

Ecography 37:001–014.

Loarie SR, Duffy PB, Hamilton H, Asner GP, Field CD, Ackerly

DD. 2009. The velocity of climate change. Nature

462(7276):1052–1056.

Lonard RI, Judd FW. 1991. Comparison of the effects of the

severe freezes of 1983 and 1989 on native woody plants in the

Lower Rio Grande Valley, Texas. The Southwestern Naturalist

36:213–217.

Lovelock CE, Ball MC, Martin K, Feller IC. 2009. Nutrient

enrichment increases mortality of mangroves. PLoS One

4(5):e5600.

Lovelock CE, Feller IC, Reef R, Ruess RW. 2014. Variable effects

of nutrient enrichment on soil respiration in mangrove for-

ests. Plant and Soil. https://doi.org/10.1007/s11104-014-203

6-6.

Lugo AE, Patterson-Zucca C. 1977. The impact of low temper-

ature stress on mangrove structure and growth. Tropical

Ecology 18:149–161.

Lugo AE, Brown SL, Dodson R, Smith TS, Shugart HH. 1999. The

Holdridge life zones of the conterminous United States in

relation to ecosystem mapping. Journal of Biogeography

26:1025–1038.

Malone TC, Newton A. 2020. The globalization of cultural

eutrophication in the coastal ocean: causes and consequences.

Frontiers in Marine Science 7:670.

McKee KL, Cahoon D, Feller IC. 2007. Caribbean mangroves

adjust to rising sea-level through biotic controls on soil ele-

vation change. Global Ecology and Biogeography 16:546–556.

I. C. Feller and others

https://doi.org/10.1111/mec.15513
https://doi.org/10.1111/mec.15513
https://doi.org/10.1111/jvs.12777
https://doi.org/10.1007/s11104-014-2036-6
https://doi.org/10.1007/s11104-014-2036-6


Mo Y, Kearney KS, Turner RT. 2020. The resilience of coastal

marshes to hurricanes: the potential impact of excess nutri-

ents. Environment International 138:105409.

Morris JT, Shaffer GP, Nyman JA. 2013. Brinson Review: Per-

spectives on the influence of nutrients on the sustainability of

coastal wetlands. Wetlands 33:975–988.
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