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Summary

� Desiccation tolerant plants can survive extreme water loss in their vegetative tissues. The

fern Anemia caffrorum produces desiccation tolerant (DT) fronds in the dry season and desic-

cation sensitive (DS) fronds in the wet season, providing a unique opportunity to explore the

physiological mechanisms associated with desiccation tolerance.
� Anemia caffrorum plants with either DT or DS fronds were acclimated in growth chambers.

Photosynthesis, frond structure and anatomy, water relations and minimum conductance to

water vapour were measured under well-watered conditions. Photosynthesis, hydraulics,

frond pigments, antioxidants and abscisic acid contents were monitored under water deficit.
� A comparison between DT and DS fronds under well-watered conditions showed that the

former presented higher leaf mass per area, minimum conductance, tissue elasticity and lower

CO2 assimilation. Water deficit resulted in a similar induction of abscisic acid in both frond

types, but DT fronds maintained higher stomatal conductance and upregulated more promi-

nently lipophilic antioxidants.
� The seasonal alternation in production of DT and DS fronds in A. caffrorum represents a

mechanism by which carbon gain can be maximized during the rainy season, and a greater

investment in protective mechanisms occurs during the hot dry season, enabling the exploita-

tion of episodic water availability.

Introduction

Vegetative desiccation tolerance is a distinct selective trait used by
some land plants to cope with limited water availability (Proctor
& Tuba, 2002). Desiccation tolerance is defined as the ability to
recover full physiological functioning after surviving drying to
leaf water potentials of c. −100 MPa (Alpert & Oliver, 2002), or
after loss of 90–95% relative water content (RWC; Farrant et al.,
2007). Desiccation tolerance is relatively common among
bryophytes but is rare in ferns and angiosperms (the so-called
‘resurrection plants’) and is absent in gymnosperms (Gaff &
Oliver, 2013). While there is increasing evidence of individual
differences among species in terms of the exact mechanisms of
desiccation tolerance, there are many unifying features (Oliver
et al., 2020). Among these, the most ubiquitous mechanisms are
the accumulation of sugars and late embryogenesis abundant pro-
teins (LEAs), the maintained expression of antioxidant enzymes
and increased antioxidant potential, and mechanical stabilization

via vacuole fragmentation and cell wall folding (Hoekstra et al.,
2001; Farrant et al., 2007; Fernández-Marı́n et al., 2016; Oliver
et al., 2020). Protection of the photosynthetic apparatus during
dehydration is also highly controlled, but the mechanisms used
differ among species. Some monocots break down Chl and thy-
lakoid membranes during drying in a set of features referred to as
poikilochlorophylly (Tuba et al., 1996; Sherwin & Farrant,
1998; Beckett et al., 2012). However, all bryophytes, ferns and
dicots are homoiochlorophyllous, in that they retain Chl and the
internal structure of chloroplasts during dehydration to enable
rapid resumption of photosynthesis on rehydration (reviewed in
Farrant et al., 2007; Oliver et al., 2020). In such species, photo-
damage is prevented by Chl masking through leaf folding, reflec-
tive leaf hairs, anthocyanin accumulation (Muslin & Homann,
1992; Sherwin & Farrant, 1998; Farrant et al., 2007), and pro-
duction of lipophilic antioxidants such as zeaxanthin, tocopherols
and carotenes (Kranner et al., 2002; Fernández-Marı́n et al.,
2016; Oliver et al., 2020).
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Among desiccation tolerant plants, resurrection ferns consti-
tute an interesting group due to their intermediate position
between the more ancient and largely constitutive mechanisms
present in bryophytes and the more derived features of resurrec-
tion angiosperms (Oliver et al., 2000; López-Pozo et al., 2018).
There are currently 60–70 described species of desiccation toler-
ant ferns in the sporophyte phase (Oliver et al., 2000) and an esti-
mated further 200 to 1200 filmy ferns (Porembski, 2011). An
extremely unusual example is the South African resurrection fern
Anemia caffrorum (Gaff, 1977). A. caffrorum is a small fern
(fronds c. 24–27 cm long) typically found along forest margins,
often growing chasmophytically, in seasonally dry environments
of the Northern, Western and Eastern Cape provinces of South
Africa (Roux, 1995). This species shows foliar dimorphism or
‘heteroblasty’ (Zotz et al., 2011), where the same individuals shift
from producing desiccation tolerant (DT) fronds during the dry
season to desiccation sensitive (DS) fronds during the rainy sea-
son (Farrant et al., 2009). The nature of the fronds produced
appears to be regulated by the rhizome, which remains DT
throughout the year (Shoko, 2015). The mechanisms of desicca-
tion tolerance in A. caffrorum have some similarities to those
reported in resurrection angiosperms, in that they are induced
during drying, rather than being constitutively expressed (Farrant
et al., 2009). These include frond curling, cell wall folding, and
production of LEAs, heat stable proteins, sucrose, oligosaccha-
rides and cyclitols (Farrant et al., 2009). Desiccation sensitive
fronds do not undergo these changes during dehydration, and
extensive damage accrues during dehydration and subsequent
rehydration (Farrant et al., 2009). Thus A. caffrorum is an excel-
lent model with which to explore the eco-physiological traits
associated with desiccation tolerance by comparison between DS
and DT fronds in the same species.

While the main physiological mechanisms conferring desicca-
tion tolerance have been extensively characterized in several resur-
rection species (see Oliver et al., 2020 for a comprehensive
review), there have been few reports studying the ‘cost’ of the pro-
tective features used by resurrection plants in terms of the limited
productivity associated with desiccation tolerant organisms
(Alpert, 2006). In this regard, photosynthesis in combination with
leaf structure, anatomy, and hydraulics, among other traits, have
not yet been well characterised. Photosynthesis is one of the most
sensitive processes to desiccation and, simultaneously, a source of
oxidative damage as plants dehydrate (Dinakar et al., 2012). A
positive net CO2 assimilation under relatively low water contents
(40–50% RWC, depending on the species) has been reported, and
the cessation of photosynthesis is possibly related to stomatal clo-
sure rather than inhibition of reactions of the photosynthetic
apparatus (Schwab et al., 1989; Peeva & Cornic, 2009; Rapparini
et al., 2015; Zia et al., 2016). By contrast, the poikilochlorophyl-
lous Xerophyta species shut down photosynthesis at higher RWC
(55–60%) (Farrant, 2000; Mundree & Farrant, 2000; Beckett
et al., 2012). Nonetheless, to the best of our knowledge no study
has reported in detail the photosynthetic limitations resulting from
water deficit stress in resurrection plants (Nadal & Flexas, 2019)
nor their possible coordination with leaf hydraulics (Flexas et al.,
2018). In this regard, A. caffrorum is a good candidate for testing

the hypothesized trade-off between desiccation tolerance and pro-
ductivity (Alpert, 2006). In line with our previous studies (Nadal
et al., 2018; Gago et al., 2019), we propose that DT fronds would
have a lower photosynthetic capacity because of the physiological,
structural and anatomical features required for desiccation toler-
ance. To test this hypothesis, we assessed the water relations (and
their possible structural/anatomical basis), hydraulics, photosyn-
thetic capacity, and pigments and lipophilic antioxidants associ-
ated with photosynthesis, as well as abscisic acid content, in DT
and DS fronds of A. caffrorum. The main objective of the present
work is to compare these physiological features both under well-
watered conditions and under water deficit stress. We applied
photosynthesis and stomatal conductance models to discern the
causes of their decline upon water loss and the possible differences
between the two frond types. Finally, we discuss the possible con-
sequences of adopting the mechanisms observed in DT fronds in
relation to the ecophysiology of this species.

Material and Methods

Plant material and experimental design

Images of DT and DS plants and fronds of Anemia caffrorum (L.)
Christenh. are shown in Fig. 1. Plants were collected during the
end of the dry season in 2019 from Table Mountain in Cape
Town (South Africa) when plants were naturally in their DT state
with completely curled leaves (Fig. 1a,b). Individuals with recently
developed leaves (determined by visual signs and rosette position)
were placed in pots (width, 20 cm; depth, 10 cm) filled with soil
from the site of collection and acclimated in growth chambers
(Conviron, Percival, USA) under a 14 h : 10 h, light : dark pho-
toperiod with a photosynthetic photon flux density (PPFD) of
800 μmol m−2 s−1, at 28 : 24°C, and with optimum irrigation.
Plants were acclimated to these conditions for 2 wk. For work on
DS fronds, another set of plants was collected just before the start
of the wet season. Desiccated plants were excavated from the field
and acclimated in growth chambers under the same conditions
described for DT plants. New fronds were produced after 1
month, and these had the typical DS phenotype (Fig. 1c), such as
absence of orange/brown coloured abaxial hairs and lack of regu-
lated frond curling upon dehydration (Fig. 1d–f; see Farrant et al.,
2009). After their respective acclimation times, measurements
were performed on DT and DS plants for comparison under well-
watered (WW) conditions. Although age could not be determined
in DT fronds, fully developed fronds with no clear signs of ageing
and/or stress were used in all cases. Subsequently, water deficit
stress (WS) was imposed by withholding water for 2 wk. Plants
were then kept for 1 wk in the dry state and rehydrated for 24 h.
Stress monitoring and sample collection under both WW and WS
conditions are detailed below (sub-sections ‘Water status’ and high
performance liquid chromatography (HPLC) analyses).

Frond structure

Leaf mass per area (LMA) was determined in 16 replicates per
frond type under WW conditions as described in Pérez-

New Phytologist (2021) 231: 1415–1430
www.newphytologist.com

© 2021 The Authors

New Phytologist © 2021 New Phytologist Foundation

Research

New
Phytologist1416



Harguindeguy et al. (2013). The area of fully hydrated fronds
(LAhy) was measured using the IMAGEJ software (version 1.52p,
Wayne Rasband, National Institutes of Health, USA, URL:
http://imagej.nih.gov/ij/). Leaf dry mass (DM) was obtained after
72 h at 70°C. The area shrinkage or percentage loss of area in a
dry frond (PLAdry) was determined in seven replicates per frond
type under WW conditions. Area shrinkage was calculated as
PLAdry = (1–LAdry/LAhy) × 100 (Scoffoni et al., 2014), where
LAdry is frond area measured after 72 h at 70°C.

Frond anatomy

Light and electron transmission microscopy were used for frond
anatomy analysis under WW conditions. Five fronds per type
were taken as replicates. Immediately after gas exchange measure-
ments, small pieces (2 × 2 mm) were cut from the middle region
of the same fronds (avoiding major veins). Frond material was

fixed under vacuum with 4% glutaraldehyde and 2%
paraformaldehyde in 0.1 M phosphate buffer and stored (4°C,
dark) until subsequent preparation. Then, samples were post-
fixed for 2 h in 2% buffered osmium tetroxide and dehydrated in
a series of increasing ethanol concentrations. Dehydrated samples
were embedded in Spurr’s resin and solidified at 60°C for 48 h.
Transverse semi-thin (0.8 µm) and ultra-thin (90 nm) sections
were generated using an ultramicrotome. Semi-thin sections were
stained with 1% toluidine blue, viewed at ×200 magnification
using light microscopy (Olympus, Tokyo, Japan) and pho-
tographed with a Moticam 3 (Motic Electric Group Co., Xia-
men, China). Ultra-thin sections were viewed at ×1500 and
×30 000 magnifications using transmission electron microscopy
(TEM H600; Hitachi, Tokyo, Japan). All images were analysed
using IMAGEJ.

The following parameters were obtained from light
microscopy images (Tomàs et al., 2013), as mean values of 10

(a) (b) (c)

(d) (e) (f)

Fig. 1 Images of the resurrection fern Anemia caffrorum, including plants displaying desiccation tolerant (DT) and desiccation sensitive (DS) fronds.
Desiccation tolerant plants in their natural environment on the slopes of Table Mountain, Cape Town, in hydrated (a) and dehydrated (b) states.
Desiccation tolerant plants in growth chambers (c). Typical image of DT fronds (d), showing the brown colour given by abaxial hairs. Detail of the abaxial
(e) and adaxial (f) surfaces of a DS frond.
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measurements per individual (replicate): leaf thickness (LT), mes-
ophyll thickness (MT), epidermis thickness (ET; sum of lower
and upper epidermis thickness measurements), mesophyll frac-
tion of intercellular air spaces (fias), and the thickness of the com-
bination of epidermis cell wall and cuticle (Tcwcut), which was
calculated as the mean between upper and lower epidermis mea-
surements. From 10 ×1500 magnification images per replicate,
the chloroplast surface area exposed to intercellular air spaces per
area (Sc) was calculated as described in Evans et al. (1994) using
the curvature correction factors from Thain (1983). Cell wall
thickness of mesophyll cells (Tcw) was measured from 10 mea-
surements per image in 10 images per replicate at ×30 000 mag-
nification. Leaf density (LD) was calculated as LMA/LT.

Minimum conductance

Minimum leaf diffusion conductance to water vapor (gmin) was
measured following Sack & Scoffoni (2011) under WW condi-
tions. Eight fronds per type were collected at predawn and placed
in the lab at a constant temperature (c. 24°C) for dehydration
measures. Cut ends of fronds were sealed with a putty-like adhe-
sive (Blu Tack; Bostik, Colombes, France). Fronds were gently
swayed with a fan to minimize the boundary layer resistance.
Frond mass was monitored over 2 h during which room temper-
ature and humidity were recorded using an open gas exchange
system (Li-6400XT; Li-Cor Inc., Lincoln, NE, USA) to calculate
the vapour pressure deficit (VPD). gmin was obtained from the
mass–time relationship as gmin = E/VPD, where E is the transpi-
ration flux of water through the frond.

Photosynthesis measurements

An open gas exchange system with a coupled fluorescence cham-
ber of 2 cm2 (Li-6400XT; Li-Cor Inc.) was used to perform
simultaneous measurements of gas exchange and Chl fluores-
cence. For all measurements, leakage in the sample–gasket inter-
face was determined, and photosynthetic parameters were
corrected accordingly (Flexas et al., 2007). In eight replicates per
frond type under WW conditions, light-saturated net assimila-
tion (An), stomatal conductance to CO2 (gsc), substomatal CO2

concentration (Ci) and photochemical yield of photosystem II
(ФPSII) at chamber CO2 (400 μmol mol−1), saturating light
(1000 μmol m−2 s−1), ambient humidity (50–70%) and 25°C
(block temperature), were recorded after reaching steady-state
conditions (15–30 min). Subsequently, An–Ci curves were pro-
duced by increasing chamber CO2 from 50 to 1500 μmol CO2

mol−1 air in 14 steps every 3–4 min. From the An–Ci curves, the
maximum velocity of Rubisco carboxylation (Vcmax), maximum
electron rate (Jmax), maximum rate of triose phosphate use (TPU)
and mesophyll conductance to CO2 (gm) were determined using
the curve-fitting method (Sharkey, 2016). The Rubisco kinetics
of ferns reported in Gago et al. (2013) were used for model
parameterization. Mitochondrial respiration in the dark (Rd) was
measured in the same leaves after 20–30 min of dark adaptation.

Recordings of light-saturated An, stomatal conductance to
water vapour (gsw), and ФPSII after 10–15 min at ambient CO2

(400 μmol mol−1) were taken as instantaneous photosynthesis
measurements each day during the WS treatment in both frond
types between 10:00 and 16:00 h (lights on at 08:00 h). Under
moderate WS (corresponding to a 50–60% decrease in gsw), An–
Ci curves were produced to determine the values of the photosyn-
thesis parameters and limitations under such conditions. Rd and
the maximum quantum yield of PSII (Fv/Fm) were also measured
in the same leaves after dark-adaptation. Photosynthesis relative
stomatal (ls), mesophyll (lm) and biochemical (lb) limitations
were estimated following the methods described by Grassi &
Magnani (2005) under both WW and WS conditions. The slope
at the Rubisco-limited portion of An–Cc (chloroplast CO2 con-
centration) curves was used as a proxy for ∂A/∂Cc. Stomatal (SL),
mesophyll (ML) and biochemical (BL) contributions to An
decrease were then calculated using values for WW conditions
for each frond type as references.

Water status

Soil moisture, predawn and midday frond water potential (Ψpd

and Ψleaf, respectively) and RWC were measured during WS,
simultaneously with instantaneous gas exchange measurements.
Soil moisture was assessed from three measurements per pot using
a volumetric probe (WET-2 Sensor/HH2 Moisture Meter, Delta-
T Devices, Cambridge, UK). Ψpd was measured on fronds from
the same pot before dawn. After instantaneous gas exchange mea-
surements, Ψleaf was measured after fronds reached equilibrium
for 5–10 min in a sealed plastic bag. RWC was measured in the
same frond, calculated as (FM – DM) / (SM – DM) × 100, where
FM is the fresh mass and SM is the water-saturated mass (ob-
tained after overnight rehydration in distilled water). Water
potential measurements were performed using a pressure chamber
(Model 600D; PMS Instrument Co., Albany, NY, USA).

Photosynthetic response to rapid dehydration

The response of An, gsw and ФPSII to rapid dehydration (1–2 h)
was addressed following a similar procedure to that described by
Trueba et al. (2019). Gas exchange and Chl fluorescence were
measured in four DT and DS fronds under WW conditions as
described in the ‘Photosynthesis measurements’ sub-section
above. After reaching steady-state, values were recorded, and
leaves were excised for (fresh) mass measurement. Afterwards,
photosynthesis (for 3–5 min) and mass measurements were per-
formed alternately until An approached 0 µmol m−2 s−1. RWC
was calculated using the estimated water-saturated mass from SM/
DM obtained from pressure–volume (P–V) curves (see the follow-
ing paragraph). The RWC at which An, gsw and ФPSII decreased
by 50% (RWCAn–50, RWCgsw–50 and RWCΦPSII–50, respectively)
were obtained by fitting polynomial regressions to their respective
relationships with RWC (Supporting Information Fig. S1).

Pressure–volume curves

Pressure–volume measurements were performed following the
bench-dry method (Sack & Pasquet-Kok, 2011). Six fronds per
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type were measured under WW from initial predawn conditions.
Each frond was dehydrated in the lab and alternately weighed
and measured for water potential with the pressure chamber until
a complete P–V curve with at least 10 points was obtained. The
separation between full turgor and turgor loss (identifying the
turgor loss point) was established, considering the highest r2 of a
linear fit for the linear portion of the −1/Ψ vs 1−RWC relation-
ship. From P–V curves, the following parameters were obtained:
water potential (Ψtlp) and RWC (RWCtlp) at turgor loss point,
osmotic potential at full turgor (πo), water-saturated mass per dry
mass (SM/DM), leaf area-specific capacitance at full turgor (C*ft-
area) and the bulk modulus of elasticity (ϵ). ϵ was calculated from
total relative water content over the full range above RWCtlp as
described in Melkonian et al. (1982). The apoplastic water frac-
tion (af) was calculated as the x-intercept of the −1/Ψ vs RWC
relationship.

Pressure–volume measurements were also performed in fronds
under WS to explore possible osmotic adjustments once Ψpd

decreased below −1 MPa. Fronds were measured from initial
predawn conditions; nonetheless, in most cases it was possible to
determine the turgor loss point. However, because few points
were recorded above the turgor loss point, calculation of ϵ and
C*ft-area was not reliable in water-stressed fronds.

Hydraulic conductance

From instantaneous gas exchange and water status measurements,
whole-plant leaf-specific hydraulic conductance (Kplant) was mea-
sured during WS using the evaporative flux method as described
by Ramı́rez-Valiente et al. (2020), where Kplant = E/(Ψpd –
Ψleaf). Transpiration flux (E) was taken from the Li-6400XT, and
measured E was assumed to be representative of whole-frond E
(Théroux-Rancourt et al., 2015).

Application of the BMF model

The stomatal conductance model of Buckley et al. (2003) or ‘BMF
model’ was applied to discern the contributions to gsw decline
under moderate WS, as described in a study by Rodriguez-
Dominguez et al. (2016). Briefly, stomatal conductance to water
vapor can be modelled with the following equation:

g sw ¼
naK plant ðΨsoilþπÞ
K plantþnaΔw

where π is bulk frond osmotic pressure, Δw is leaf-to-air water
vapour mole fraction gradient and na comprises turgor-
independent or ‘nonhydraulic’ effects, including possible
hormone-driven stomatal control (n) and effects of light intensity
and Ci on gsw (a). Here, Kplant, Ψsoil (approached by Ψpd), π and
Δw were obtained experimentally from instantaneous gas
exchange and water status measurements. π was determined by
P–V curves from neighbouring fronds or from Ψleaf when Ψleaf

< Ψtlp. The product na was fitted using ‘Solver’ in MICROSOFT

EXCEL to minimize the sum of squares between measured and
modelled gsw. The percent contributions to gsw decline of each

model variable were calculated using the EXCEL tool provided by
Rodriguez-Dominguez et al. (2016) following Buckley & Dı́az-
Espejo (2015). Values under WW conditions were used as a ref-
erence for each frond type.

High performance liquid chromatography analyses of
photosynthetic pigments and tocopherols

Samples from the same fronds used for instantaneous gas
exchange, Ψleaf and RWC measurements were excised immedi-
ately after measurement, snap frozen in liquid nitrogen, and
stored at −80°C. Subsequently, samples were lyophilized under
vacuum. Analyses were conducted on fronds of each type, taken
from a complete range of RWC values during the WS cycle (n =
16–25). Approximately 15 mg of freeze-dried frond powder
from each treatment was extracted in 0.5 ml of acetone 95%
buffered with 0.5 g l−1 CaCO3. Samples were centrifuged for 10
min at 16 100 g and the pellet was re-extracted in 0.5 ml of pure
acetone. Extracts were centrifuged again, and the two super-
natants were mixed and filtered through a 0.2 μm pore PTFE fil-
ter (Teknokroma, Spain). Photosynthetic pigments and
tocopherols were then identified and quantified by HPLC
(Garcı́a-Plazaola & Becerril, 2001). Chlorophyll a and b content
was expressed on an area basis using mean LMA for each frond
type for its calculation.

Abscisic acid (ABA) analysis

Lyophilized samples collected before and during the WS cycle
were used to determine ABA contents (n = 8). Leaf samples were
covered in 80% (v/v) methanol in water and stored at −20°C for
24 h. After homogenization, ABA was stored at 4°C for another
24 h for extraction. At this stage, deuterated ABA was added as
an internal standard. Subsequently, ABA purification and quan-
tification was conducted using an ultra performance liquid chro-
matograph (UPLC) and multiple reaction-monitoring tandem
mass spectrometry (MS) analysis (Waters Acquity H-series
UPLC coupled to a Waters Xevo triple quadrupole mass spec-
trometer; BEH C18 column; Waters, Milford, CT, USA) as
detailed in McAdam & Brodribb (2012). The amount of ABA
was calculated as the amount of internal standard added multi-
plied by the ratio of endogenous ion intensity to internal stan-
dard ion intensity. The resulting ABA content was then adjusted
for sample (dry) mass and aliquot volume.

Statistical analysis

All analyses were performed using the R statistical software (R
Core Team, 2019) v.3.6.2. One-way ANOVA (function ‘lm’ of
the STATS package) was used for DT and DS comparison under
WW conditions. Two-way ANOVA (‘lm’) was used for deter-
mining factor significance, including frond type and water condi-
tions as factors. Linear or quadratic regressions were fit among
continuous variables according to the Akaike information crite-
rion (AIC); intercept and slope differences were determined by
parametric ANCOVA (‘lm’) for linear fittings or by
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nonparametric ANCOVA for quadratic fittings using the func-
tion ‘T.aov’ of the FANCOVA package (Wang, 2020).

Results

Frond comparison under well-watered conditions

Desiccation tolerant and desiccation sensitive fronds differed in
their structure and in some anatomical parameters (Table 1).
Notably, DT fronds showed a higher leaf mass per area and area
shrinkage than DS fronds. The higher LMA was mainly driven
by changes in leaf density (0.55 g cm−3 compared to
0.31 g cm−3 in DS) rather than differences in leaf thickness.
Desiccation tolerant fronds also presented a lower ratio of epider-
mis to mesophyll thickness, a lower fraction of intercellular air
spaces, and thinner epidermis cell walls (Table 1). No differences
were detected in either chloroplast surface area or cell wall thick-
ness. The higher tissue density of DT fronds is also reflected in
their lower water-saturated mass per dry mass (Table 2). With
respect to the pressure–volume parameters, DT fronds showed
higher tissue elasticity (lower ϵ) and capacitance, whereas no dif-
ferences were observed for osmotic potential at full turgor (Table
2). This resulted in similar osmotic potential but lower RWC at
the turgor loss point in DT fronds.

Measurement of minimum conductance under well-watered
conditions was hindered by the fact that transpiration progres-
sively decreased as fronds dehydrated; hence, gmin is given as ‘in-
stantaneous’ values in relation to RWC (Fig. 2). Desiccation
tolerant and desiccation sensitive fronds differed in their gmin–
RWC slopes (P < 0.001 for the interaction term). At the 80–
90% RWC range, gmin values were 77.7 � 8.4 for DT and
22.7 � 2.4 mmol m−2 s−1 for DS. The dependence of gmin on
RWC may imply that stomata were not completely closed for a
substantial RWC; hence, we did not correct stomatal conductance
for cuticular conductance as done in similar studies (e.g.
Théroux-Rancourt et al., 2015). Nonetheless, we did not detect
significant discrepancies when considering gmin in the gas
exchange-derived parameters (data not shown). Desiccation toler-
ant fronds showed lower net assimilation than DS fronds (7.59
� 0.88 compared to 9.70 � 0.61 µmol m−2 s−1); this arises
mainly as a result of lower biochemical capacity (Vcmax, Jmax) and
mesophyll conductance (Table 3). On the other hand, stomatal
conductance was higher in DT fronds, which results in their
lower WUEi. Indeed, relative limitation analysis showed that

photosynthesis in DT fronds was less limited by gsc (lower ls;
Table 4) under WW conditions, and showed a slightly higher lm.
However, biochemical limitations accounted for half of photo-
synthesis limitations in both frond types (lb = 0.51–0.52).

No differences were detected in total Chl content nor in the
Chla : Chlb ratios between frond types (Table 5). On the other
hand, DT fronds had significantly higher β-carotene : Chl and
β-carotene : neoxanthin ratios than DS fronds. Despite nonsignifi-
cant differences among frond types in total amount of xanthophyll
cycle pigments (VAZ : Chl), DT fronds showed enhanced ratios of
lipophilic antioxidants to Chl. This was characterised by higher
β-carotene and more than threefold higher α-carotene,
α-tocopherol and γ-tocopherol content per Chl (Table 5).

Response to water deficit stress

Soil moisture decreased at a similar rate for all plants (Fig. S2).
Predawn water potential decreased to −1 MPa by day 8–9, after
which RWC, Ψleaf, hydraulic conductance and A/Ci monitoring
was initiated until day 13–14, when Ψleaf was below −4 MPa
and curling in DT fronds made gas exchange measurements diffi-
cult. Desiccation tolerant and desiccation sensitive fronds showed
a similar photosynthesis response under moderate water stress
conditions (days 7–13 of the water deficit stress cycle), where all
parameters but water use efficiency decreased in both frond types
(Table 3).WUEi, increased in DS fronds under progressive dehy-
dration but did not change in DT fronds. In DT fronds, bio-
chemical limitations (27 � 3%) were the main cause of An
reduction compared to WW conditions, whereas both stomatal
(22 � 2%) and biochemical limitations (19 � 3%) contributed
significantly to the An decrease observed in DS fronds (Table 4).
Diffusive limitations (SL + ML) accounted for 18 and 33% of
the reductions in An observed in DT and DS fronds, respectively,
with ML being higher than SL in DT fronds (Table 4). No
changes in Chla or Chlb content were detected under WS.

After 1 wk, when the average RWC of fronds remained at
< 25%, plants were rewatered. After 24 h, DT fronds showed
high Fv/Fm (0.677 � 0.022) and a slight recovery in An (2.75 �
0.69 µmol m−2 s−1) and gsc (0.142 � 0.039 mol m−2 s−1).
There was no recovery of photosynthetic activity in DS fronds.
Notably, recovery in DT fronds required both high soil water
and air humidity. Dehydration–rehydration tests on excised
fronds showed that RWC recovery was not possible when fronds
were rehydrated with distilled water through the petiole under

Table 1 Structure and anatomy of desiccation sensitive (DS) and desiccation tolerant (DT) fronds of Anemia caffrorum under well-watered conditions.

Frond
LMA

(g m−2)
PLAdry

(%)
LT

(µm) E/M T

fias
(%)

Tcwcut

(µm)
Sc
(m m−2)

Tcw
(nm)

DS 46.1 � 1.6 48.8 � 4.5 149.4 � 13.0 0.42 � 0.01 37.5 � 3.9 3.40 � 0.09 4.59 � 0.69 685 � 90
DT 95.5 � 3.0 63.8 � 1.5 173.8 � 25.1 0.32 � 0.03 25.2 � 3.3 2.71 � 0.10 8.11 � 2.07 592 � 49
ANOVA F 190.6 9.83 0.75 6.66 5.89 25.2 2.61 0.85

P < 0.001 0.009 0.412 0.033 0.042 0.001 0.145 0.385

E/M T, epidermis to mesophyll thickness ratio; fias, fraction of intercellular air spaces; LMA, leaf mass per area; LT, leaf thickness; PLAdry, area shrinkage or
percentage loss of area in a dry frond; Sc, chloroplast surface area exposed to intercellular air spaces per area; Tcw, mesophyll cell wall thickness; Tcwcut,
combined thickness of the epidermis cell wall and cuticle. One-way ANOVA for frond type effect; mean � SE.
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ambient humidity (c. 50%); they also required water vapour satu-
ration for full rehydration (Fig. S3).

The relationships between photosynthesis parameters,
hydraulics and water status are shown in Fig. 3. An, Fv/Fm and
Kplant decreased in a similar manner in response to lowering of
RWC and Ψleaf in both DS and DT fronds. By contrast, the
response of stomatal conductance differed between DT and DS
fronds. The relationship between gsw and RWC (Fig. 3b)
depended on frond type (ANCOVA, P < 0.010 for the interac-
tion term). Similarly, the relationship between gsw and Ψleaf (Fig.
3e) differed between DT and DS fronds (ANCOVA, P = 0.005
for frond type). These differences in the stomatal response are
also reflected in the relationship with An (Fig. 3g), where the rela-
tionship between An and gsw depended on frond type
(ANCOVA, P = 0.005 for the interaction term), and the rela-
tionship with hydraulic conductance (Fig. 3h), where DT fronds
showed higher gsw per Kplant (ANCOVA, P < 0.001 for the

intercept). Both fronds showed the same An–Kplant relationship
(Fig. 3i). The different response of gsw to RWC depending on
frond type can also be observed in fronds from WW plants
excised and subjected to rapid dehydration, where RWCgsw–50
was 35.2 � 4.6% in DT fronds and 81.9 � 5.5% in DS fronds
(Table S1). The contributions to moderate gsw decline (decrease
of 35–45%) differed between DT and DS fronds (Table 6). The
decline of Kplant had a greater effect on gsw in DT (−115%) than
in DS fronds (−48%). This negative effect of Kplant in DT fronds
was partially compensated for by larger increases in osmotic pres-
sure (changes in π of 135% as compared to 53% in DS fronds).
A significant portion of the decline in gsw was attributed to lower
soil water potential in both frond types (c. −100%). The overall
contribution of turgor-independent factors was minimal (−8–
6% for na). Only a slight decrease of osmotic potential at full tur-
gor was detected under WS conditions for both DS and DT
fronds, from −1.37 MPa (mean of both frond types) to
−1.71 MPa (two-way ANOVA, P = 0.052 for factor ‘water’).

Abscisic acid content per dry mass increased > 20-fold in
response to moderate water stress (40–60% RWC) in both DT
and DS fronds (Fig. 4a). This increase in ABA was negatively
related to gsw at this water stress range (Fig. 4b); however, ABA
concentrations in the dry leaves (RWC < 25%) were only slightly
higher than those at the WW stage. The de-epoxidation state of
the xanthophyll cycle pigments (AZ : VAZ) and tocopherols were
strongly affected by water deficit stress, and their responses differed
among frond types (Fig. 5). While a similar rise in AZ : VAZ was
observed in both DT and DS fronds as RWC decreased (Fig. 5a),
DT fronds showed a slightly higher zeaxanthin content per Chl
(Fig. 5b) at lower RWC compared to DS fronds (ANCOVA, P =
0.009 for the interaction term). Similarly, DT fronds had higher
α-tocopherol (Fig. 5c) and γ-tocopherol per Chl (Fig. 5d) under
both WW and WS conditions. Both α- and γ-tocopherols showed
a significant increase during dehydration that was much more
prominent in DT fronds (ANCOVA, P = 0.001 for the interac-
tion term), especially in the case of γ-tocopherol.

Discussion

Distinctive frond structure and photosynthesis

In the present study we were able to ascertain common and dis-
tinctive physiological features of DT and DS fronds of

Table 2 Water relations parameters derived from pressure–volume curves of desiccation sensitive (DS) and desiccation tolerant (DT) fronds of Anemia
caffrorum under well-watered conditions.

Frond
SM/DM
(g g−1)

πo
(MPa)

πtlp
(MPa)

RWCtlp

(%)
ϵ
(MPa)

C*ft-area
(mol m−2 MPa−1) af

DS 3.98 � 0.20 −1.43 � 0.06 −1.52 � 0.07 95.7 � 0.2 31.9 � 1.6 0.24 � 0.01 0.20 � 0.02
DT 2.47 � 0.04 −1.31 � 0.17 −1.77 � 0.18 80.1 � 2.7 8.2 � 2.2 1.09 � 0.28 0.21 � 0.06
ANOVA F 63.6 0.38 1.48 27.9 69.8 7.77 0.01

P < 0.001 0.549 0.249 < 0.001 < 0.001 0.018 0.917

ϵ, bulk modulus of elasticity; πo, osmotic potential at full turgor; πtlp, osmotic potential at turgor loss point; af, apoplastic water fraction; C*ft-area, leaf area
specific capacitance at full turgor; RWCtlp, relative water content at turgor loss point; SM/DM, water-saturated mass per dry mass. One-way ANOVA for
frond type effect; mean � SE.

Interaction:
P  = 0.005

0

50

100

150

0 25 50 75 100
RWC  (%)

g m
in
 (m

m
ol

 m
−2

 s
−1

)

DS

DT

Fig. 2 Minimum conductance to water vapour (gmin) plotted against
relative water content (RWC) measured in fronds of Anemia caffrorum
under well-watered conditions. Filled circles correspond to desiccation
sensitive (DS) fronds and open circles to desiccation tolerant (DT) fronds.
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A. caffrorum under WW and WS conditions. In a previous study
on this species, which did not include photosynthetic measure-
ments, Farrant et al. (2009) did point to some structural differ-
ences between DT and DS that may affect the ecophysiology of
this plant. The higher specific leaf area (i.e. the inverse of LMA)

in DS fronds was regarded as indicative of a higher photosyn-
thetic efficiency over the DT fronds. Indeed, in the present study
we also observed the same differences in LMA and a larger An in
DS than in DT fronds under well-watered conditions. Photosyn-
thesis in DT fronds was lower due to a combination of

Table 3 Photosynthetic parameters of desiccation sensitive (DS) and desiccation tolerant (DT) fronds of Anemia caffrorum under well-watered (WW) and
water deficit stress (WS) conditions.

Frond

An

(µmol
m−2 s−1)

gsc
(mol m−2 s−1)

WUEi
(µmol
mol−1) ΦPSII

Vcmax

(µmol
m−2 s−1)

Jmax

(µmol
m−2 s−1)

TPU
(µmol
m−2 s−1)

gm
(mol m−2 s−1)

DS WW 9.70 � 0.61 0.189 � 0.013 31.6 � 1.8 0.211 � 0.010 40.4 � 4.5 67.7 � 4.2 4.75 � 0.30 0.110 � 0.010
DT WW 7.59 � 0.88 0.233 � 0.016 19.8 � 2.0 0.193 � 0.026 30.3 � 4.7 57.4 � 5.5 4.06 � 0.35 0.077 � 0.011
DS WS 5.18 � 0.55 0.053 � 0.006 64.4 � 4.7 0.128 � 0.012 23.9 � 2.2 46.2 � 3.9 2.98 � 0.25 0.070 � 0.010
DT WS 4.15 � 0.38 0.128 � 0.011 20.4 � 1.5 0.113 � 0.008 16.1 � 1.6 37.0 � 2.3 2.56 � 0.26 0.050 � 0.006
ANOVA D F 6.15 26.6 137.1 1.60 9.71 7.00 3.56 7.42

P 0.017 < 0.001 < 0.001 0.213 0.003 0.011 0.068 0.009
W F 50.4 70.1 11.02 39.5 32.9 34.7 33.8 14.8

P < 0.001 < 0.001 0.002 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
W×D F 0.82 1.38 29.0 0.01 0.02 0.02 0.22 0.48

P 0.371 0.245 < 0.001 0.917 0.695 0.887 0.642 0.492

ФPSII, photochemical yield of photosystem II; An, light-saturated net CO2 assimilation; gm, mesophyll conductance to CO2; gsc, stomatal conductance to
CO2; Jmax, maximum electron transport rate; TPU, maximum rate of triose phosphate use; Vcmax maximum velocity of Rubisco carboxylation;WUEi,
intrinsic water use efficiency. Two-way ANOVA including frond type (D) and water status (W) effects; mean � SE.

Table 4 Photosynthesis limitations of desiccation sensitive (DS) and desiccation tolerant (DT) fronds of Anemia caffrorum under well-watered (WW) and
water stress (WS) conditions, estimated from the parameters depicted in Table 3.

Frond ls lm lb

SL

(%)
ML

(%)
BL

(%)

DS WW 0.17 � 0.01 0.31 � 0.04 0.52 � 0.05 0 0 0
DT WW 0.11 � 0.01 0.38 � 0.06 0.51 � 0.06 0 0 0
DS WS 0.30 � 0.02 0.25 � 0.02 0.45 � 0.03 22.3 � 2.4 10.9 � 3.1 18.5 � 2.9
DT WS 0.11 � 0.01 0.31 � 0.03 0.59 � 0.03 4.7 � 1.2 13.2 � 3.8 27.7 � 3.6
ANOVA D F 116.5 2.89 4.67 17.4 2.63 7.83

P < 0.001 0.096 0.036 < 0.001 0.111 0.007
W F 6.61 2.18 0.26

P 0.014 0.147 0.610
W×D F 22.5 0.01 3.09

P < 0.001 0.925 0.086

Relative stomatal (ls), mesophyll (lm) and biochemical (lb) limitations; and contributions of stomata (SL), mesophyll (ML) and biochemistry (BL) to An

decline, taking WW values as reference for each frond type. Two-way ANOVA including frond type (D) and water status (W) effects for ls, lm and lb; one-
way ANOVA for frond type effect for SL,ML and BL under WS conditions; mean � SE.

Table 5 Pigment and lipophilic antioxidants content of desiccation sensitive (DS) and desiccation tolerant (DT) fronds of Anemia caffrorum under well-
watered conditions.

Frond
Chl a + b

(μmol m−2)
Chl a : Chl b
(mol mol−1)

VAZ : Chl
(mmol mol−1)

α-carot : Chl
(mmol mol−1)

β-carot : Chl
(mmol mol−1)

β-carot : Neo
(mmol mol−1)

Total toc : Chl
(mmol mol−1)

DS 187.1 � 24.3 2.40 � 0.11 35.0 � 3.4 1.23 � 0.16 61.8 � 3.9 1.32 � 0.06 23.4 � 7.1
DT 251.3 � 26.7 2.55 � 0.09 41.2 � 6.3 4.42 � 0.80 76.7 � 3.2 1.66 � 0.14 140.0 � 32.8
ANOVA F 3.15 1.15 0.84 18.5 8.46 5.54 14.5

P 0.110 0.313 0.383 0.002 0.017 0.043 0.004

α-carot : Chl, α-carotene per Chl; β-carot : Chl, β-carotene per Chl; β-carot : Neo, β-carotene per neoxanthin; Chl a + b, chlorophyll a and b content per
area; Chl a : Chlb chlorophyll a and b ratio; Total toc : Chl, total tocopherols (α- and γ-tocopherols) per Chl; VAZ/Chl, total amount of xanthophyll cycle
pigments per Chl. One-way ANOVA for frond type effect; mean � SE.
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biochemical (Vcmax, Jmax) and diffusive (gm) limitations, com-
pared to DS fronds. Mesophyll conductance is strongly limited
by mesophyll cell wall thickness and chloroplast distribution
(Terashima et al., 2011; Onoda et al., 2017). However, in this

species, DT and DS fronds showed comparable Sc and Tcw. The
reduced biochemical capacity in DT fronds could be explained
by a lower nitrogen investment in the photosynthetic apparatus,
including lower Rubisco content – one of the most important N
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Fig. 3 Relationships between photosynthesis parameters, hydraulics, and water status of desiccation sensitive (DS) and desiccation tolerant (DT) fronds of
Anemia caffrorum under water deficit stress. Filled circles correspond to DS fronds and open circles to DT fronds. The significance of the interaction (slope)
and frond type (intercept) effects was determined using parametric ANCOVA and non-parametric ANCOVA for linear and quadratic fittings, respectively.
Net CO2 assimilation (An) and relative water content (RWC; a): no differences among frond types; quadratic fitting for pooled data (r2 = 0.70, P < 0.001).
Stomatal conductance to water vapour (gsw) and RWC (b): significant differences among frond types; quadratic fittings for DS (solid line, r2 = 0.60,
P < 0.001) and DT (dashed line, r2 = 0.60, P < 0.001). Maximum quantum yield of PSII (Fv/Fm) and RWC (c): no differences among frond types;
quadratic fitting for pooled data (r2 = 0.87, P < 0.001). An and frond water potential (Ψleaf; d): no differences among frond types; linear fitting for pooled
data (r2 = 0.72, P < 0.001). gsw and Ψleaf (e): significant differences among frond types; quadratic fittings for DS (solid line; r2 = 0.79, P < 0.001) and DT
(dashed line; r2 = 0.61, P < 0.001). Whole-plant leaf-specific hydraulic conductance (Kplant) and Ψleaf (f): no differences among frond types; quadratic
fitting for pooled data DS (r2 = 0.76, P < 0.001). An and gsw (g): significant differences among frond types; quadratic fittings for DS (solid line; r2 = 0.88,
P < 0.001) and DT (dashed line; r2 = 0.70, P < 0.001). gsw and Kplant (h): significant differences among frond types; linear fittings for DS (solid line;
r2 = 0.52, P < 0.001) and DT (dashed line; r2 = 0.49, P = 0.005). An and Kplant (i): no differences among frond types; quadratic fitting for pooled data
(r2 = 0.63, P < 0.001).
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pools in leaves (Evans & Clarke, 2019) – and/or activation,
which is reflected in the lower Vcmax of DT fronds. Nonetheless,
both fronds showed similar Chl content, and hence the structural
and biochemical basis of the different photosynthetic capacity are
not clear. The higher LMA and leaf density of DT fronds was,
however, not reflected in their pressure–volume parameters, as
indeed they showed higher tissue elasticity and capacitance,
despite the association between leaf density and ϵ (Niinemets,
2001; Saito et al., 2006). Furthermore, DT leaves have a higher
degree of shrinkage, a common feature of resurrection plants
(Vicré et al., 2004; Moore et al., 2013; López-Pozo et al., 2018;
Shivariaj et al., 2018), which is associated with tissue elasticity
(Scoffoni et al., 2014). Indeed, comparison of wall composition
of DT and DS fronds of this species has shown that there is con-
siderably more arabinose (15–20%) in DT than DS fronds
(Moore et al., 2013). Arabinose polymers and in particular ara-
binogalactan proteins seem to be related to wall flexibility in res-
urrection plants (Moore et al., 2013; Shivaraj et al., 2018; Oliver
et al., 2020). The higher elasticity of DT fronds could also be a
product of their higher proportion of more flexible mesophyll tis-
sues and thinner epidermis cell walls, as reported by Onoda et al.
(2015). High elasticity in resurrection species prevents cytorrhesis
and subcellular damage during desiccation (Moore et al., 2008).
The distinct photosynthetic and structural features among frond

types point towards a greater efficiency in productivity of DS
fronds (higher photosynthetic capacity and lower leaf investment)
compared to DT fronds.

Different stomatal conductance responses under stress

Both gsw and gmin were higher in DT fronds under WW condi-
tions; these differences in gsw were maintained under WS, show-
ing that DT fronds present either an incomplete stomatal closure
and/or high cuticle conductance and thus greater water loss com-
pared to DS fronds. However, higher gsw per RWC and Ψleaf of
DT fronds did not appear to contribute to greater CO2 assimila-
tion, as deduced from the higher water use efficiency of DS
fronds. Photosynthesis in DT fronds was mainly limited by bio-
chemical factors, contrary to most plants where stomatal and
mesophyll limitations are generally higher (Nadal & Flexas,
2019). The decrease in stomatal conductance is driven by
turgor-related effects (Rodriguez-Dominguez et al., 2016),
among which hydraulic conductance is thought to play a pre-
dominant role (Wang et al., 2018). Indeed, Kplant reduction was
the main factor determining gsw decline, although the hydraulic
effect on decreasing turgor was ameliorated by lower osmotic
potential during dehydration, especially in DT fronds. The com-
pensation through osmotic pressure could be attributed to

Table 6 Contributions to stomatal conductance decline under water deficit stress in desiccation sensitive (DS) and desiccation tolerant (DT) fronds of
Anemia caffrorum.

Frond Ψpd (MPa)
p gsw
(%)

p na
(%)

p Ψsoil

(%)
p π
(%)

p Kplant

(%)
p Δw
(%)

DS −1.14 � 0.14 −35.9 � 3.1 5.9 � 3.0 −95.0 � 12.9 53.2 � 19.1 −47.8 � 20.0 −16.3 � 4.3
DT −1.37 � 0.19 −45.5 � 5.7 −7.9 � 5.3 −106.0 � 22.1 134.5 � 24.3 −115.3 � 21.2 −5.2 � 4.0
ANOVA F 1.05 2.34 5.60 0.20 7.12 5.37 3.56

P 0.329 0.155 0.037 0.664 0.022 0.041 0.086

Percent parameters refer to either DS or DT fronds under well-watered conditions. Ψpd, pre-dawn water potential of the plants included in the modelling; p
Δw, leaf-to-air water vapour mole fraction difference; p π, frond osmotic pressure; p Ψsoil, soil water potential; p gsw, total percent decline in stomatal
conductance to water vapour; p Kplant, whole-plant leaf-specific hydraulic conductance; p na, percent contributions of leaf turgor-independent parameters.
The total decline of gsw is explained by the sum of the contributions; negative signs indicate an effect towards diminishing gsw, whereas positive signs
indicate the opposite effect. One-way ANOVA for frond type effect; mean � SE.
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Fig. 4 Changes in abscisic acid (ABA) content per dry mass in relation to frond relative water content (RWC; a) and stomatal conductance to water vapour
(gsw; b) under water deficit stress. Closed circles correspond to desiccation sensitive (DS) fronds and open circles to desiccation tolerant (DT) fronds of
Anemia caffrorum.
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osmotic adjustment (Rodriguez-Dominguez et al., 2016) from
sugar and proline accumulation as in other resurrection ferns
(Voytena et al., 2014), although no clear changes in πo were
observed under WS. Another possible explanation for the
increased osmotic effect in DT fronds could be the greater vol-
ume changes during dehydration (due to lower ϵ and higher
shrinkage) that enable variation in osmotic potential without
active solute accumulation (Munns, 1988). Hydraulic decline in
leaves results from a combination of xylem and/or outer xylem
conductance loss (Scoffoni et al., 2017; Xiong & Nadal, 2020).
Notably, embolism visualization using micro-computed tomog-
raphy in the resurrection fern Pentagramma triangularis showed
extensive cavitation at Ψleaf between −1 and −3 MPa, before
other vascular modifications (Holmlund et al., 2019), which is
in the range of Kplant decline in A. caffrorum.

The ABA response in A. caffrorum resembled the pattern
described for some conifer species, where ABA concentrations
increase at moderate stress and decrease under severe dehydration
(Brodribb & McAdam, 2013; Brodribb et al., 2014). This
response may be due to a reduction of foliar ABA production
under severe water stress, possibly due to sensitivity of the synthetic
apparatus to water potentials far below the turgor loss point. In

conifer species this peak and decline of ABA was associated with a
hydropassive stomatal closure during acute dehydration (Brodribb
& McAdam, 2013). Indeed, most ferns display an ABA-
independent mechanism of stomatal control (Brodribb & McA-
dam, 2011; McAdam & Brodribb, 2013). The burst of ABA
under moderate stress may trigger some of the expression pathways
for the induction of desiccation tolerance mechanisms (Giraola
et al., 2017), and increases in ABA have been reported in several
resurrection species (Gaff & Loveys, 1984; Bartels et al., 1990;
Schiller et al., 1997; Liu et al., 2008), including the resurrection
ferns Cheilanthes myriophylla (McAdam & Brodribb, 2013) and
Polypodium virginianum (Reynolds & Bewley, 1993). The com-
mon ABA response in both DT and DS fronds shows that ABA
increase is not exclusive to desiccation tolerance mechanisms and
may also be related to leaf senescence (Lee et al., 2011).

Constitutive and inducible protective mechanisms

Certain pigments, such as carotenoids and anthocyanins,
together with other antioxidants provide resurrection plants with
protection against photodamage (Fernández-Marı́n et al., 2016;
Oliver et al., 2020). In A. caffrorum, DT fronds have an abaxial
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Fig. 5 Relationships between frond pigments and tocopherols and relative water content (RWC) of desiccation sensitive (DS) and desiccation tolerant (DT)
fronds of Anemia caffrorum under water deficit stress. Filled circles correspond to DS fronds and open circles to DT fronds. The significance of the
interaction (slope) and frond type (intercept) effects was determined using parametric ANCOVA and non-parametric ANCOVA for linear and quadratic
fittings, respectively. AZ : VAZ ratio of the xanthophyll cycle (a): no differences among frond types; quadratic fitting for pooled data (r2 = 0.71,
P < 0.001). Zeaxanthin (Z) normalized by Chla and Chlb content (b): significant differences among frond types; linear fittings for DS (solid line; r2 = 0.80,
P < 0.001) and DT (dashed line; r2 = 0.57, P = 0.001). α-tocopherol normalized by Chla and Chlb content (c): significant differences among frond types;
linear fittings for DS (solid line; r2 = 0.15, P = 0.030) and DT (dashed line; r2 = 0.24, P = 0.039). γ-tocopherol normalized by Chla and Chlb content (d):
significant differences among frond types; linear fittings for DS (solid line; r2 = 0.34, P = 0.002) and DT (dashed line; r2 = 0.31, P = 0.024).
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coverage of light-protective hairs (Fig. 1d), which are exposed
through frond curling as dehydration progresses. Together with
a lower antennae size, as reflected by the higher Chla : Chlb and
β-Car : neoxanthin ratios, these could represent a strong accu-
mulation of constitutive photoprotection mechanisms in DT
fronds. Carotenes and tocopherols were found in larger propor-
tions, indicating a stronger battery of lipophilic antioxidants in
DT compared to DS fronds. In addition, inducible mechanisms
upon desiccation were more evident in DT fronds. The rise in
AZ : VAZ, which is typically induced by desiccation (Kranner
et al., 2002; Heber et al., 2007; Fernández-Marı́n et al., 2009,
2010, 2011, 2013, 2018; Beckett et al., 2012) was common to
both DT and DS fronds, reflecting a well-known photoprotec-
tion mechanism in plants during water stress (Fernández-Marı́n
et al., 2011, 2017a; Esteban et al., 2015). However, this was
more prominent in DT fronds. A similar observation can be
made in comparing the DT fern Asplenium ceterach (Fernández-
Marı́n et al., 2009) with the DS fern Asplenium scolopendrium
(Fernández-Marı́n et al., 2011). Zeaxanthin plays a role in the
preservation of the integrity of thylakoid membranes and the
photosynthetic apparatus in the dry state (Fernández-Marı́n
et al., 2013), including a relevant role in the dissipation of excess
energy as heat (Fernández-Marı́n et al., 2010). The rise in toco-
pherol is a less widespread response to desiccation, but it has
already been reported a number of times for lichens, ferns and
angiosperms (Kranner et al., 2002, 2003; Fernández-Marı́n
et al., 2011, 2020; López-Pozo et al., 2019) and could play a
key role in the protective responses that enable desiccation toler-
ance, as it seems to play in seeds (Seal et al., 2010; Fernández-
Marı́n et al., 2017b). Overall, DT fronds of A. caffrorum seem
to be physically and biochemically more protected against pho-
tooxidative risk than DS fronds.

An ecophysiological interpretation

The distinctive features observed between DT and DS fronds
may point towards a different life strategy, which is determined
by the fact that DT fronds occur during the hot dry season and
DS fronds during the cold rainy season (Farrant et al., 2009).
One may think that DT fronds would present a set of features
that delayed dehydration and provided more time to prepare
for the desiccation stage (Oliver et al., 1998); instead, they pre-
sent much higher gmin and gsw per RWC than DS fronds, indi-
cating a selection towards rapid dehydration when soil water
becomes limited. This further implies some degree of constitu-
tive protection in DT fronds. Furthermore, rapid drying could
be required to ensure appropriate concentration of select
metabolites to form pockets of deep eutectic solvents, which in
turn have been proposed to enable metabolic activity at low
water contents and, ultimately, cytoplasmic vitrification (du
Toit et al., 2021). Enzymatic activity associated with photopro-
tective metabolism has been demonstrated at extremely low
water contents in the lichen Flavoparmelia caperata (Carniel
et al., 2021), and such molecular mobility at low water contents
is proposed to be a consistent feature of desiccation tolerance
(Farrant & Hilhorst, 2021). Desiccation tolerant fronds can

resume activity and recover RWC in the first 4–8 h after rehy-
dration (Farrant et al., 2009), which is much faster than
reported in any angiosperm to date. Furthermore, in A. caffro-
rum the pathway for rehydration is probably more related to
water absorption through the lamina surface rather than the
petiole, as shown by the rehydration assays (Fig. S3). Some res-
urrection plants require apportion of water through the lamina
surfaces for rapid and complete rehydration (Gaff, 1977; John
& Hasenstein, 2017), although resurrection ferns still require
water availability in the soil for a complete recovery (Holmlund
et al., 2020). Foliar water uptake may be enhanced by the pres-
ence of special structures, such as the peltate scales described in
the resurrection fern Pleopeltis polypodioides that provide a wet-
table conduit for effective water uptake (John & Hasenstein,
2017). Desiccation tolerant fronds in A. caffrorum have similar
structures on the abaxial surfaces, which are not found in DS
fronds (Fig. 1e,f; detail in Farrant et al., 2009). Presenting a
high capacity for water absorption through the surface may
imply a higher rate of water loss during dehydration, especially
if the structures that enable rapid rehydration lose water at a
similar rate (which is possible given the high gmin in DT
fronds). These characteristics seem inappropriate during the dry
season; however, fog events are well documented where A. caf-
frorum occurs (Roux, 1995), including Table Mountain, where
A. caffrorum was collected (Marloth, 1905; Nagel, 1956). More-
over, the frequency of fog events is greater during the dry season
in the distribution zone of A. caffrorum and can constitute a
greater source of water than rainfall (Olivier, 2002).

The presence of DT fronds during the dry season, which can
sustain rapid rehydration and recovery and resume positive car-
bon balance within 24 h, may enable A. caffrorum to effectively
exploit the ‘windows of opportunity’ that certainly cannot be
used by most annual plants that share the same habitat. On the
other hand, the occurrence of DS fronds during the cool, wet
winter, which present enhanced photosynthetic capacity and
lower structural (i.e. LMA), antioxidant and photoprotection
investment (and hence lower frond construction costs and higher
carbon return), constitutes an efficient mechanism for investment
into reproductive structures (and/or the rhizome) which are pro-
duced during the end of the rainy season and for the DT fronds
produced at the start of the dry season (Farrant et al., 2009). Such
distinct foliar features could represent an extreme case of heterob-
lasty, which in some species is related to different carbon and
water economics among leaves of the same plant (Zotz et al.,
2011). In this case, the foliar seasonality of A. caffrorummay con-
fer competitive advantages in both summer and winter with coex-
isting annuals. However, the acquisition of desiccation tolerance
possibly requires a higher resource investment in protective
mechanisms such as thick cell walls (Nadal et al., 2021), the
maintenance of antioxidant capacity, and the production of
polyphenols and LEA proteins, inter alia. Such a tolerance ‘cost’
would be counterproductive during the wet season. Given this
unique adaptation, A. caffrorum constitutes an excellent organism
in which to explore the physiological requirements and possible
consequences associated with the adoption of desiccation
tolerance.
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SCSIE), Dr. Ferran Hierro (UIB, Serveis Cientificotècnics) and
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Fig. S1 Photosynthetic response to rapid dehydration in
detached fronds.

Fig. S2 Monitoring of soil moisture measured using a humidity
probe during the water stress cycle.
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Fig. S3 Rehydration test in desiccation tolerant (DT) fronds.

Table S1 Rapid response to dehydration in excised fronds from
well-watered plants.
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