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Abstract

Key message For better categorization of species according to foliar habit, a set of leaf and wood traits must be
observed.

Abstract Tropical forests are influenced by distinct regional rainfall regimes, microclimates, and dynamics of nutrient cycling,
which are responsible for creating key biodiversity patterns and differences in leaf deciduousness to drought. Functional
traits studies have improved understanding of the functioning and heterogeneity of complex ecosystems. We have reviewed
the literature focusing mainly on tropical dry forests and relationships among leaf habits (evergreen and deciduous) and
other leaf and wood traits. Thus, we have compiled 121 original papers, 2 reports, and 9 book chapters published since 2000.
We also provide a meta-analysis of these traits from Neotropics. Tropical deciduous species often have high photosynthetic
rates per mass and specific leaf area and traits that improve water flow throughout the plant, such as wide xylem diameters
and high hydraulic conductivity, maximizing resource capture during a limited growing season because of an acquisition
strategy. The opposite is observed in evergreen species, namely as conservative species. Regardless of the plant organ, more
morphological than physiological traits are available to compare leaf habits. For better categorization of species according
to foliar habit, a set of leaf and wood traits must be observed. However, while local comparisons based on one or few traits
may group species according to leaf habit, multivariate analyses for large spatial scales can reveal a different pattern. We
have identified some open questions that can be further addressed in this research field to contribute to the improvement of
theoretical frameworks as well as the consequences of a changing climate for tropical dry forests.
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Introduction

Tropical forests are home to more than half of the plant
species described so far, including many endangered and
endemic species (Myers et al. 2000; Dirzo and Raven 2003;
Vitéria et al. 2019). Tropical forests originally covered 12%
of the world’s land surface between the latitudes 33 °N and
35 °S, with the largest area of tropical forests being found in
the Americas from northwest Mexico to northern Argentina
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(Pennington et al. 2009; Linares-Palomino et al. 2011; Tau-
bert et al. 2018). Despite the special attention given to rain-
forests, about 40% of tropical forests are in fact deciduous
and semideciduous forests that are subject to some degree of
water restriction (Malhi and Wright 2004; Allen et al. 2017,
Hasnat et al. 2020). In addition, there is a consensus that the
remaining tropical forest coverage (~60%) represents not
only humid forests, but a gradient of forest types aligned
with a moisture gradient (Malhi and Wright 2004).

The climate of tropical forests is characterized by a mean
annual temperature of at least 20 °C, and high variation in
the mean annual precipitation among regions, creating dis-
tinct forest types ranging from dry forests to moist forests to
rainforests (FAO 2000; Meir et al. 2011; Hasnat et al. 2020).
Dry forests include both deciduous and semideciduous for-
ests, which are characterized by a high thermic variability,
low to moderate mean annual precipitation (500—1500 mm),
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and a marked seasonality in which the drought season lasts
from 5 to 8 months a year (FAO 2000). Humid forests have
low thermic variability, a mean annual precipitation higher
than 1.500 mm, and a lack of or very short rainfall season
(FAO 2000). Some humid forests are in flooded areas associ-
ated with mean annual precipitation above 2.500 mm (Malhi
and Wright 2004; Pantoja et al. 2019). In addition, edaphic
and topographic heterogeneity act in combination with these
climatic gradients, increasing both species and functional
diversity within a given locality, between localities, and
within a region (a, B, and y diversities, respectively), as well
as variation in vegetation physiognomy related to canopy
height and tree density (Pennington et al. 2009; Linares-
Palomino et al. 2011; Chaturvedi et al. 2011).

To adjust to environmental contexts, species adopt dis-
tinct morphological, phenological, and physiological traits
(Violle et al. 2007; Kikuzawa and Lechowicz 2011; Mis-
sio et al. 2017, Vitéria et al. 2018, 2019). This occurs in
response to abiotic pressures (Violle et al. 2007) such as
a decrease in specific leaf area along with an increase in
irradiance (Vitdria et al. 2016), and an increase in leaf fall,
water-use efficiency, wood vessel density, leaf succulence
and thickness associated with increased water restrictions
(Kikuzawa and Lechowicz 2011; Markesteijn et al. 2011;
Méndez-Alonzo et al. 2012; Pineda-Garcia et al. 2015).
Changes in functional traits are also observed among indi-
viduals within populations, mostly due to phenotypic plas-
ticity (Valladares et al. 2007). In this sense, functional traits
are key ecological indicators of how living organisms are
affected by the environment and how they, in turn, affect the
functioning and structure of communities and ecosystems,
known as Response and Effect traits, respectively (Lavorel
and Garnier 2002).

In tropical dry forests, vegetation physiognomy varies
throughout the year, with leaf deciduousness playing a fun-
damental role in species’ ability to cope with the dry season
(Lal et al. 2011; Meir et al. 2011; Chaturvedi et al. 2011;
Estrada-Medina et al. 2013; Reich 2014; Aguilar-Peralta
et al. 2020). The establishment and survival of species in
these forests also depend on the association between several
other leaf, wood, and root traits, mostly in the form of func-
tional trade-offs, as investments in one set of traits comes at
the cost of others (Shipley et al. 2006; Wright et al. 2010; Li
et al. 2015; Vitoria et al. 2019). Strategies for dealing with
water restrictions include investments in high leaf stomatal
control, dense wood, root depth, water storage in wood and
roots, and leaf deciduousness (Choat et al. 2006; Brodribb
et al. 2003; Hasselquist et al. 2010; Holanda et al. 2019;
Marques et al. 2020; Yang et al. 2021), which is a key short-
term response to drought. Despite a large number of studies
on leaf deciduousness, there is no consensus on how drought
deciduousness is directly and indirectly linked to leaf and
wood traits relevant to water acquisition/conservation in
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tropical dry forests (Choat et al. 2006; Kushwaha et al. 2010;
Kikuzawa and Lechowicz 2011; Estrada-Medina et al. 2013;
Méndez-Alonzo et al. 2013; Vitéria et al. 2018; Tarelkin
et al. 2019; Cuba et al. 2018; Marques et al. 2020; Chakra-
barty et al. 2021).

This paper reviews the literature focusing mainly on tropi-
cal dry forests to assess current knowledge regarding the
relationships between leaf habits, wood and other leaf traits,
as well as to identify current knowledge gaps, open ques-
tions, and the implications of climate change in this research
field. To this aim, we have compiled readily available pub-
lished studies using the following keywords in the Google
Scholar, Scielo, and Web of Science platforms: “evergreen
species,” “deciduous species,” “tropical dry forest,” “leaf
lifespan,” “functional traits,” and “wood density.” Keywords
were also combined using: “tropical dry forest” AND all the
other words; “leaf lifespan” AND “functional traits”; “leaf
lifespan” AND “wood density”; and “leaf lifespan” AND
“tropical dry forest” OR “evergreen species” OR “deciduous
species”. These searches resulted in 121 original papers, 2
reports, and 9 book chapters published since 2000, which
allowed us to describe patterns between leaf habits and func-
tional traits at the local scale of the dry forests studied. To
assess if local relationships reported worldwide correspond
to broader scale patterns, we performed a meta-analysis for
the Neotropical region with the focus on the tree and shrub
species of tropical dry forests and rainforests, with the latter
being included in order present the perspective of a distinct
ecosystem (further details are described below).

Local context of leaf trait variation
in tropical dry forests: acquisitive
and conservative strategies

Since they reflect the main costs for leaf construction and
maintenance and carbon gain (Prior et al. 2003; Brodribb
and Holbrook 2005; Kushwaha et al. 2010; Powers and Tif-
fin 2010; Kikuzawa and Lechowicz 2011; Alvarez—Yépiz
et al. 2017), leaf deciduousness and leaf longevity (or lifes-
pan) have been widely associated with morphological leaf
traits (e.g., specific leaf area). From the perspective of the
leaf economics spectrum, these functional traits reflect a
key trade-off between resource acquisition and conserva-
tion, with downstream impact on plant growth and survival
(Wright et al. 2004; Donovan et al. 2011; Méndez-Alonzo
et al. 2012; Collins et al. 2016; Sastry and Barua 2017,
Werden et al. 2018). At one extreme of this spectrum, spe-
cies display acquisitive strategies with high carbon fixation
and a fast return on the costs involved in leaf construction
and maintenance in spite of short leaf lifespan; the other
extreme is dominated by conservative species with slow
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carbon fixation and long leaf lifespan (Wright et al. 2004;
Donovan et al. 2011).

In this regard, most, if not all, deciduous species of tropi-
cal dry forests are characterized by acquisitive strategies in
comparison with co-occurring evergreen species making use
of conservative strategies (Wright et al. 2004; Shipley et al.
2006; Curtis and Ackerly 2008; Donovan et al. 2011; Kiku-
zawa and Lechowicz 2011; Alvarez-Yépiz etal. 2017). Some
leaf traits are very consistent in distinguishing deciduous and
evergreen species (e.g., SLA or LMA, LDMC, and osmotic
potential), while others lack a pattern (e.g., leaf thickness) or
have been less analyzed to allow such as comparison (e.g.,
WUE) (see Table 1 and Fig. 1). The allocation of nitrogen
and phosphorous in leaves and wood has been used as a
means to distinguish acquisitive and conservative species
(Hiremath 2000; Yan et al. 2016). In environments with low
soil nutrient availability such as dry forests (Gei and Powers
2014; Powers et al. 2015; Carrasco-Carballido et al. 2019),
deciduous species have developed greater efficiency in their
use of nutrients, whereas evergreen species are better in
terms of nutrient accumulation (Givnish 2002; Wright et al.
2004; Yan et al. 2016). For example, when nutrients are allo-
cated to leaves, plants maximize photosynthetic activity and
growth (i.e., acquisitive strategy), whereas when nutrients
are allocated to branches and the trunk, plants improve the
internal recycling of nutrients and the transport of photoas-
similates in the phloem (i.e., conservative strategy) (Yan
et al. 2016). In addition, long-lived leaves of evergreen spe-
cies may have higher allocation of nutrients for non-pho-
tosynthetic functions such as anti-herbivory compounds or
sclerophylly increases than the short-lived leaves of decidu-
ous species (Givnish 2002; Wright et al. 2004; Zvereva and
Koslov 2014; Yan et al. 2016; Alvarez—Yépiz etal. 2017).

Although many authors have long asserted that leaf
longevity and leaf habits are closely related, pointing out,
for example, that evergreen species always have long-
lived leaves (Table 1), it is important to note that leaf habit
describes the general status of the canopy and not of indi-
vidual leaves, whereas leaf longevity is more closely linked
with leaf maintenance and carbon gain (Hiremath 2000;
Brodribb and Holbrook 2005; Kikuzawa and Lechowicz
2011; Russo and Kitajima 2016; Osnas et al. 2018). For
example, in a tropical dry forest in Costa Rica, Brodribb
and Holbrook (2005) showed that two evergreen species had
a wide variation in leaf longevity; one species had a leaf
duration of one year, and the other of 35-45 weeks, a lon-
gevity similar to that of deciduous species. This conceptual
differentiation helps illustrate why, in a given environment,
some deciduous and evergreen species can present remark-
ably similar leaf longevity. In part, this occurs because leaf
longevity is strongly controlled by local environmental
conditions. In deciduous species, leaves are discarded when
leaf maintenance costs exceed gains, but prior to the leaf

shedding, water and nutrients are translocated from leaves
to other plant organs (Kushwaha and Singh 2005; Poorter
and Bongers 2006; Marchin et al. 2010). On the other hand,
evergreen species have a greater control of water usage and
flow through the stomates during the photosynthetic assimi-
lation, particularly in the dry season (Givnish 2002; Lusk
et al. 2003; Kikuzawa and Lechowicz 2011). This local dif-
ference emerges to balance the effects of drought along the
soil-atmosphere continuum, with deciduous species being
sensitive to both drought types, while evergreens are more
sensitive to drought in soils (Souza et al. 2020).

To take advantage of a relatively short functional period,
leaves of drought-deciduous species invest in high specific
leaf area and photosynthetic rates per unit of leaf mass, as
well as in thin leaves with low compaction of mesophyll
cells to promote greater CO, diffusion (Fig. 1) (Eamus and
Prior 2001; Prior et al. 2003; Wright et al. 2004; Poorter and
Bongers 2006; Kushwaha et al. 2010). Deciduous species
or species with short-lived leaves also display greater meta-
bolic activity, as reflected in higher dark respiration rates
when compared with evergreen species (Fig. 1) (Wright
et al. 2004). Respiration occurs during the day and night,
but because the CO, acquisition and loss occur simultane-
ously during the day, it is easier to detect respiration at night
due to the lack of photosynthetic activity. Dark respiration is
indeed one of the most important metabolic processes that
transform organic molecules into simple products, such as
the carbon skeletons necessary for the biosynthesis of other
molecules, and the release of usable energy (Wright et al.
2005; Werden et al. 2018).

Stomatal regulation is another key mechanism for pro-
tecting plants as it helps avoiding the cavitation and embo-
lism of wood xylem vessels (Westoby et al. 2002; Wright
and Westoby 2002; Markesteijn et al. 2011; Fu et al. 2012;
Chaturvedi et al. 2021). In addition, the investment in thick
and scleromorphic leaves with high dry matter content and
physical structures such as high lignin content and spines
increases resistance to mechanical damage and herbivory
(Hanley et al. 2007; Poorter and Bongers 2006; Carmona
et al. 2011; Pérez-Harguindeguy et al. 2016). Other physi-
cal structures strongly associated with drought adaptation
such as trichomes and cuticles also provide resistance to
herbivory and contribute to leaf thickening (Haworth and
McElwain 2008; Bickford 2016). The leaf dry matter content
is related to leaf toughness and resistance to herbivory and
drought, and high values of this trait reflect the presence of
mesophyll cells with thick and rigid walls, particularly in the
epidermis, which allows the maintenance of leaf turgor even
under low water potential while minimizing possible damage
to cells under severe drought (Kursar et al. 2009; Markesteijn
et al. 2011). Evergreen species have higher leaf dry matter
content than deciduous species (Fig. 1 and Table 1) as this
also reduces leaf palatability, in part due to the low water
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Table 1 Summary of differences in leaf and wood traits between drought-deciduous (D) and evergreen (E) species that have been reported in the
literature of tropical dry forests (local scale studies)

Organ/type  Trait Abbreviation Unit Leaf habits  Leaf habits (quantitative) P value  References
(qualitative)
D E D E
Leaf mor- Leaf area LA cm? + - \ \ <0.01 GermanVargas et al.
phology (2021)
Leaf area LA cm? + - 85.0+16.6 334+13.0 <0.05 Souzaetal. (2015,
2020)
Leaf size LS cm? = = 28.2+2.80 16.8+1.49 NS Markesteijn et al.
(2011)
Leaf density Pleaf gcm™3 - 0.36+0.02 0.50+0.04 <0.05 Fuetal (2012)
Leaf density Pleat gcm™ - 0.23+0.03 0.53+0.09 <0.025 Souzaetal. (2015,
2020)
Leaf density Pleaf kgm™ = = \ \ NS Prior et al. (2003)
Leaf dry matter LDMC gg! - + \ \ <0.0001 Chakrabarty et al.
content (2021)
Leaf dry matter LDMC gg! - + 0.31+0.03 0.40+0.02 <0.05 Markesteijn et al.
content 2011)
Leaf dry matter LDMC mg g~ - + 315.2+19.7 463.3+289 <0.001 Souzaetal. (2015,
content 2020)
Specific leaf area  SLA m? Kg’1 - 14.97* 10.53* <0.001 Choat et al. (2006)
Specific leaf area  SLA cem? g™t + - 213+4.21  166+145 <0.05 Markesteijn et al.
(2011)
Specific leaf area  SLA mm mg~> + - 283+231 11.3+13 <0.001 Souza et al. (2015)
Specific leaf area  SLA cm? g7 ! + - \ \ <0.007 Pringle et al. (2011)
Specific leaf area  SLA cm? g7 ! + - \ \ <0.01 Silva et al. (2015)
Specific leaf area  SLA cem? g™! + - \ \ <0.01 GermanVargas et al.
(2021)
Leaf mass per LMA gm™2 - + 93+12 1377 <0.05  Bartlett et al. (2012)
area
Leaf mass per LMA gm™ - + 95.36* 97.41°%* \ Chen et al. (2009b)
area
Leaf mass per LMA gm™> - + 534+65 943+17.6 <0.05 Fuetal. (2012)
area
Leaf mass per LMA mg mm”~ - + 0.03+0.0  0.094+0.0 <0.001 Souzaetal. (2015,
area 2020)
Leaf mass per LMA gm™? - + \ \ <0.01 Chakrabarty et al.
area (2021)
Leaf mass per LMA gm™2 - + \ \ <0.01 Prior et al. (2003)
area
Leaf mass per area LMA Kg m~2 - + 0.097* 0.125 <0.05 Ishida et al. (2006)
(dry season)
Leaf thickness T mm - + 347.87* 391.17* \ Chen et al. (2009b)
Leaf thickness T mm - + \ \ <0.001 Silvaetal. (2015)
Leaf thickness T mm - + \ \ <0.01 Prior et al. (2003)
Leaf thickness T mm = = 152.6 £22.2 184.4+259 NS Fuetal. (2012)
Leaf thickness T mm = = 0.21+0.02 0.21+0.05 NS Souza et al. (2015,
2020)
Leaf toughness LT g - + \ \ <0.007 Pringle et al. (2011)
Leaf water content LWC % + - \ \ <0.007 Pringle et al. (2011)
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Table 1 (continued)

Organ/type  Trait Abbreviation Unit Leaf habits  Leaf habits (quantitative) P value = References
(qualitative)
D E D E
Leaf water content LWC % + - \ \ <0.001 Silva et al. (2015)
Leaf succulence LS gm™2 = = \ \ NS Souza et al. (2015,
2020)
Leaf saturated SWC, gg! + - 2.48+0.2 1.22+0.15 0.001 Souza et al. (2015,
water content 2020)
Leaf lifespan LLS Days - + 159.0+10.7 326.8+17.4 <0.001 Souzaetal. (2015,
2020)
Leaf lifespan LLS Months - 7.8+1.0 23.3+5.3 <0.05 Fu et al. (2012)
Leaf lifespan LLS Months - \ \ <0.05 Prior et al. (2003)
Herbivory rate HR % + - \ \ <0.007 Pringle et al. (2011)
Herbivory rate HR % + - \ \ <0.001 Silvaetal. (2015)
Leaf physi- Mass-based maxi- A, nmol g~!' 57! + - 232.2+£25.6 80.8+10.9 <0.001 Souza etal. (2015,
ology mum photosyn- 2020)
thetic capacity
Mass-based maxi- A, pmol kg™! 57! + - 117.44% 58.22% <0.001  Choat et al. (2006)
mum photosyn-
thetic capacity
Mass-based maxi- A .« nmol g~! 57! + - 225+23 125+ 14 <0.05 Fuetal. (2012)
mum photosyn-
thetic capacity
Mass-based maxi- A nmol g~! 57! = =\ \ NS Prior et al. (2003)
mum photosyn-
thetic capacity
Mass-based maxi- A, pmol Kg~!s7! + - 92.7* 37 <0.05  Ishida et al. (2006)
mum photosyn-
thetic capacity
(dry season)
Area-based maxi- A, pmol m~! 57! + - 7.94% 5.68% <0.05  Choat et al. (2006)
mum photosyn-
thetic capacity
Area-based Agea pmol CO, m~2s7! 4+ - \ \ <0.05  Avila-Lovera et al.
photosynthetic (2019)
capacity
Area-based maxi- A, pmol m~ s~ + - 8.9% 4.6 <0.05  Ishida et al. (2006)
mum photosyn-
thetic capacity
(dry season)
Area-based maxi- A, pmol m™! 57! - + \ \ <0.05  Prior et al. (2003)
mum photosyn-
thetic capacity
Area-based maxi- A, pmol m~! 57! = =  829+06 738+09 NS Souza et al. (2015,
mum photosyn- 2020)
thetic capacity
Area-based maxi- A, pmol m~! 57! = = 11.64+14 104+06 NS Fu et al. (2012)
mum photosyn-
thetic capacity
Nitrogen-based Ayx pmol mol N~!s=! 4 - 60.5* 29.9 <0.05 Ishida et al. (2006)
maximum
photosynthetic
capacity (dry
season)
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Table 1 (continued)

Organ/type  Trait Abbreviation Unit Leaf habits  Leaf habits (quantitative) P value = References
(qualitative)
D E D E

Carbon isotope ~ 8'°C %o + - \ \ <0.05  Avila-Lovera et al.
composition (2019)

Chlorophyll per Chl,., pmol cm™> - + 320+£1.5 433+64 <0.05  Souzaetal. (2015,
area 2020)

Chlorophyll per ~ Chl,, mmol m™2 - + \ \ <0.01  Prior et al. (2003)
area

Chlorophyll per Chl,, mgmol g~} - + 224+038 4.88+0.73 <0.05 Souzaetal. (2015,
unit mass 2020)

Chlorophyll per Chl, .6 mmol Kg™! = = \ \ NS Prior et al. (2003)
unit mass

Leaf specific ki, kgm ' sT'Mpa™' + - 30.01%* 5.92% <0.05  Choat et al. (2005)
conductivity

Leaf specific k. mmol + - 36.7+1.93 202+094 <0.05  Markesteijn et al.
conductivity m~!s7! MPa~! (2011)

Leaf specific ky, kgm™'sT'Mpa™! = = 6.28+137 3.70+048 NS Fu et al. (2012)
conductivity

Leaf saturate 100 dry MPa + - -1.47+0.10 -2.39+0.26 <0.05  Fuetal. (2012)
osmotic poten-
tial (dry season)

Leaf saturate 100 wet MPa + - -1.37+0.07 -191+0.21 <0.05 Fuetal. (2012)
osmotic poten-
tial (wet season)

Leaf turgor-loss 7y gy MPa + - -1.65+0.12 -2.82+0.32 <0.05  Fuetal. (2012)
point (dry
season)

Leaf turgor-loss 1y MPa = = -1.64+0.09 -2.22+0.29 NS Fu et al. (2012)
point (wet
season)

Leaf water poten- Tp MPa + - -2.11+£0.12 -2.50+0.11 <0.05 Bartlett et al. (2012)
tial at turgor loss

Osmotic potential 7 MPa + - -1.68+0.10 -2.06+0.08 <0.05 Bartlett et al. (2012)
at full turgor

Morning leaf Weat MPa + - \ \ <0.05  Avila-Lovera et al.
water potential (2019)

Photosynthetic WUE umol mol~! - + 49.7+£2.0 66.7+4.9 <0.01 Fuetal. (2012)
water-use effi-
ciency

Photosynthetic WUE pmol mol~! = = 23.0+1.7 24.8+3.8 NS Souza et al. (2015,
water-use effi- 2020)
ciency

Stomatal conduct- g mol m~2s~! + - 0.25+0.03 0.17+£0.02 <0.05 Fu et al. (2012)
ance

Stomatal con- g mol m~2s7! + - 0.184* 0.07 <0.05 Ishida et al. (2006)
ductance (dry
season)

Stomatal conduct- g mol m~s~! = = 037+£0.02 0.31+0.03 NS Souza et al. (2015,
ance 2020)

leaf intercellular ~ C; pmol mol~! + - 247* 187 <0.05 Ishida et al. (2006)

CO, concentra-
tion (dry season)
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Table 1 (continued)

Organ/type  Trait Abbreviation Unit Leaf habits  Leaf habits (quantitative) P value = References
(qualitative)
D E D E
Leaf bio- Carbon to nitro-  C:N % - + \ \ <0.007 Pringle et al. (2011)
chemistry gen ratio
Carbon to nitro- C:N % - + 25.8% 32.4 <0.05 Ishida et al. (2006)
gen ratio (dry
season)
Mass-based leaf ~ C, . g (%) = = \ \ NS GermanVargas et al.
carbon (2021)
Mass-based leaf N .. % + - \ \ <0.01  Silvaetal. (2015)
nitrogen
Mass-based leaf N .. gg™ (%) + - \ \ <0.01 GermanVargas et al.
nitrogen (2021)
Mass-based leaf N .. mgg~! + - \ \ <0.05  Prior et al. 2003
nitrogen
Mass-based leaf N .. mol Kg™! + - 1.58* 1.32 <0.05  Ishida et al. (2006)
nitrogen (dry
season)
Mass-based leaf N .. mg g 1(%) = = 2.48+0.1 219+0.1 NS Souza et al. (2015,
nitrogen 2020)
Area-based leaf N, ., mol m~> = = \ \ NS Ishida et al. (2006)
nitrogen (dry
season)
Mass-based phos- P, mgg™! + - 2.02+0.14 135+0.14 <005 Fuetal (2012)
phorus
Mass-based leaf P, mgg! + - \ \ <0.05  Prior et al. (2003)
phosphorus
Mass-based leaf P, gg ' (%) = = \ \ NS GermanVargas et al.
phosphorus (2021)
Mass-based leaf P mg g 1(%) = = 020+£0.02 0.17+0.02 NS Souza et al. (2015,
phosphorus 2020)
Protein precipita- PPC mg/g - + \ \ <0.05 Silva et al. (2015)
tion capacity
Total phenolics P, mg/g - + \ \ <0.001 Silvaetal. (2015)
Wood mor-  Sapwood density WD gcm™ = = 0.56+0.03 0.63+0.03 NS Fuetal. (2012)
phology  Wood density WD gem™ - +  0.28* 0.69* <0.001  Choat et al. (2005)
Wood density WD gcm™3 - + 0.35+0.03 0.52+0.02 <0.05  Markesteijn et al.
(2011)
Wood density WD gcm™ + - \ \ <0.05 Méndez-Alonzo
et al. (2013)
Wood density WD gem™ = = \ \ NS GermanVargas et al.
(2021)
Xylem water wC % - + \ \ <0.05  Méndez-Alonzo
content et al. (2013)
Wood Bulk modulus of & MPa + - \ \ <0.05 Méndez-Alonzo
anatomy elasticity et al. (2013)
Bulk modulus of &4y MPa - + 14.94+242 23.87+224 <0.05 Fuetal (2012)
elasticity (dry
season)
Bulk modulus of &, MPa - + 16.19+1.76 26.64+2.22 <0.05 Fuetal (2012)
elasticity (wet
season)
Maximum vessel MVL cm = = 553+12.7 67.3+13.3 NS Fu et al. (2012)

length
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Table 1 (continued)

Organ/type  Trait Abbreviation Unit Leaf habits  Leaf habits (quantitative) P value = References
(qualitative)
D E D E
Maximum vessel MVL cm = = 80.3+1.01 757+0.85 NS Markesteijn et al.
length (2011)
Vessel density Vibens Vessel mm? - + 28.67* 98.67* \ Chen et al. (2009a)
Vessel density Vibens Vessel mm? - + 12% 150.5% <0.001 Choat et al. (2005)
Vessel density Vibens Vessel mm? = = \ \ NS Méndez-Alonzo
et al. (2013)
Vessel density Viens Vessel mm? = = 30.5+159 82.0+30.5 NS Fu et al. (2012)
Vessel diameter V diam um + - 87.87* 40.27* \ Chen et al. (2009b)
Vessel diameter V giam um + - 97.15% 39.15% <0.001 Choat et al. (2005)
Vessel diameter V giam um + - 94.7+10.1 59.6+8.7 <0.05 Fuetal. (2012)
Vessel diameter V giam um = = \ \ NS Méndez-Alonzo
et al. (2013)
Vessel resistance  (t/b)? (t/b)? + - \ \ <0.05 Méndez-Alonzo
to implosion et al. (2013)
Vulnerability VI Unitless = = 8.49+3.70 2.55+1.55 NS Fu et al. (2012)
index
Wood physi- Huber value HV Unitless = = 1.06+0.15 141+0.21 NS Fuetal. (2012)
ology
Huber value HV Unitless = = 151+4.45 181+2.76 NS Markesteijn et al.
(2011)
Huber value HV Unitless = = \ \ NS GermanVargas et al.
(2021)
Moisture content MC % - 73.5% 20%* <0.001 Choat et al. (2005)
Hydraulic safety ~ HSM MPa = = \ \ NS GermanVargas et al.
margin (2021)
Potential hydrau- K, kgmlsIMPa! - + \ \ <0.05  Méndez-Alonzo
lic conductivity et al. (2013)
Maximum sap- kg nax kgm'sT'MPaTl + - \ \ <0.05  Chen et al. (2009b)
wood specific
hydraulic con-
ductivity
Sapwood specific kg Kgm=2s!MPa! + - \ \ <0.001 GermanVargas et al.
hydraulic con- (2021)
ductivity
Sapwood specific kg kgm's'MPa7! + - 7.23% 3.07* <0.05  Choat et al. (2005)
hydraulic con-
ductivity
Sapwood specific kg kgm!'sT'MPa™! + - 598+0.86 2.76+0.23 <0.05 Fuetal. (2012)
hydraulic con-
ductivity
Sapwood specific kg mol + - 246+829 115+4.24  <0.05 Markesteijn et al.
hydraulic con- m~' s™! MPa™! (2011)
ductivity
Sapwood specific kg kgm's'MPa7! + - \ \ <0.05  Méndez-Alonzo
hydraulic con- etal. (2013)
ductivity
Hydraulic conduc- &, kgm!'sT'MPa™!  + - 8.44%* 0.94* <0.05  Choat et al. (2005)
tivity
Water potential Ps, MPa + - —1.23% —2.24% \ Chen et al. (2009b)

at 50% loss of
hydraulic con-
ductivity
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Table 1 (continued)

Organ/type  Trait Abbreviation Unit Leaf habits  Leaf habits (quantitative) P value  References
(qualitative)
D E D E
Water potential Py, MPa + - -1.27+0.26 -2.37+0.40 <0.05 Fuetal. (2012)
at 50% loss of
hydraulic con-
ductivity
Water potential Py, MPa + - \ \ <0.05  Chen et al. (2009a)
at 50% loss of
hydraulic con-
ductivity
Water potential Py, MPa + - \ \ <0.05  Vargas et al. (2021)
at 50% loss of
hydraulic con-
ductivity
Midday leaf water Wy, MPa = = 1.16+£0.13 1.69+0.12 NS Markesteijn et al.
potential (2011)
Water potential at Wy p MPa + - \ \ <0.05  GermanVargas et al.
turgor-loss point (2021)

In the ‘Leaf habits (qualitative)’ column, positive and negative signs refer, respectively, to higher and lower trait values; and the equal sign refers
to the lack of statistical difference. NS: refers to P> 0.05. \: refers to no value available. *: refers to mean values that we calculated from provided

species data

content (Silva et al. 2015; Souza et al. 2015). Short-lived
leaves of deciduous species also tend to be highly dam-
aged by herbivores because of high nutrient concentrations
(Westoby et al. 2002; Poorter et al. 2004; Wright et al. 2004;
Poorter et al. 2005; Zvereva and Kozlov 2014).

Local context of wood trait variation
in tropical dry forests: resistance
versus conductivity

In environments with low water availability such as tropi-
cal dry forests and savannas, natural selection favors spe-
cies with resistance to xylem cavitation via wood traits that
are closely coordinated with aboveground traits (Bucci
et al. 2004, 2005; Worbes et al. 2013; Silva et al. 2019).
This includes variation in xylem vessel diameter and pit
length, wood porosity, resistance and durability of the pit
membrane, and wood density (Chen et al. 2009a). As wood
density is easy to measure and is available for a large number
of species around the world, it has been widely used in eco-
physiological and functional studies as a proxy for the quan-
tity and availability of water in wood (Kushwaha and Singh
2005; Chave et al. 2009; Fan et al. 2018; Méndez-Alonzo
et al. 2012; Chaturvedi et al. 2021). Besides being a predic-
tor of wood stiffness, strength and safety, even in the seed-
ling stage, wood density is closely related to plant survival

and has been used to estimate the mechanical support and
resistance to physical damage (Falster 2006). In a season-
ally dry tropical forest in India, deciduous species responded
similarly to rainfall seasonality, but species with the lowest
deciduousness also had the highest wood density and dry
mass per leaf area (Kushwaha et al. 2010). By expanding this
comparison, wood density decreases in inverse proportion
with the duration of deciduousness of species (Fig. 1 and
Table 1) (Kushwaha, et al. 2010; Chaturvedi et al. 2021).
Despite the constraints dense wood presents for growth
height (Swenson and Enquist 2007; Poorter et al. 2010;
Hoeber et al. 2014; Poorter et al. 2019), individuals with
such strategies are typically longer lived due to biomechani-
cal support and larger hydraulic safety margins, which are
made possible by thin vessels with thick cell walls at a high
density per wood area (Baas et al. 2004; Chave et al. 2009).
On the other hand, species with low wood density present
rapid growth, because carbon will be invested elsewhere,
for example, in the production of larger leaves (Pickup et al.
2005), increasing the risk of damage and mortality (Hacke
et al. 2001; King et al. 2006; Sterck et al. 2006). In this
sense, interspecific variation in wood density is a key indi-
cator of water transport efficiency, water storage capacity,
prevention of leaf turgor loss, and leaf water status regula-
tion (Meinzer et al. 2003; Tarelkin et al. 2019).

Overall, species with greater hydraulic conductivity have
wide vessel diameters, despite concurrent increases in the
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Fig. 1 Scheme summarizing

the main variations in leaf and
wood traits, and whole-plant

Tropical Dry Forests

LEAF HABIT

Deciduous

Evergreen

performance between drought-
deciduous and evergreen spe-
cies in the local scale context of
tropical dry forests. See Table 1
for complementary information

WHOLE-PLANT PERFORMANCE
Herbivory
Height growth

STEM TRAITS

Specific stem density SSD
Xylem vessel diameter

Xylem vessel density

Hydraulic conductivity Ks
Hydraulic conductivity loss P50

susceptibility to xylem cavitation. In some cases, xylem
cavitation is avoided by the partial or total displacement of
leaves, but it can also be achieved by decreasing the effi-
ciency in xylem conductance under negative pressure by
investing in xylem vessels with thin diameters and thick
and rigid cell walls (Hacke et al. 2001; Chen et al. 2009a;
Méndez-Alonzo et al. 2012). Evergreen species are more
vulnerable to the loss of efficiency in sapwood conductivity
than deciduous species, as deciduous species are more effi-
cient in this regard (Fig. 1) (Fu et al. 2012). While studying
Euphorbiaceae deciduous and evergreen species in a sea-
sonally tropical forest in southwestern China, by analyzing
the correlation between xylem diameter and water potential
at which 50% of hydraulic conductivity is lost (P50), Chen
et al. (2009a) showed that the deciduous species were more
vulnerable to xylem cavitation than the evergreen ones. In an
Asian dry forest, evergreen species presented lower P50 and

@ Springer

Leaf lifespan LLS

LEAF TRAITS

Specific leaf area SLA

Dry matter content LDMC
Photosynthetic capacity A
Water content LWC
Carbon per nitrogen C:N
Nitrogen content Nmass
Stomatal conductance gs
Hydraulic conductivity KL
Dark respiration Rmass
Water-use efficiency WUE

Survival

Ls more used/more consistent pattern

* %

leaf hydraulic conductance values and higher leaf water-use
efficiency than deciduous species (Fu et al. 2012).

Growth rings are layers of cells visible as concentric
circles of distinct width in a cross-section of the wood.
They form due to an alteration between cambium activity
and dormancy and provide information on tree age and the
environmental conditions experienced during its lifetime.
The causes of cambium activity dormancy can be triggered
by seasonal environmental stress, such as water restriction,
temperature restriction, or flooding (Callado et al. 2001,
2014; Brienen et al. 2016; Nath et al. 2016; Tarelkin et al.
2019). In general, drought-deciduous species show distinct
growth rings due to a range of cambial activity according to
the presence or absence of leaves, mainly as a function of
the seasonal distribution of water availability (Callado et al.
2001; Tarelkin et al. 2019). On the other hand, evergreen
species do not often form growth rings (O'Brien et al. 2008;
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Nath et al. 2016), or if they do, growth rings vary widely,
ranging from very distinct, scarcely distinct, or indistinct
(Callado et al. 2001). Although Callado et al. (2001) car-
ried out their work in an Atlantic tropical rainforest, these
authors suggest that flooding influenced the growth ring for-
mation in evergreen species, whereas leaf fall was related
to growth ring formation in deciduous and semideciduous
species (Callado et al. 2001).

Elevation is known to drive changes in forest species
diversity and composition (Schietti et al. 2014; Oliveira et al.
2018). Deciduous species at high elevations submitted to
water restriction present high-density wood, thick xylem cell
walls, low leaf water content, and conductivity (Méndez-
Alonzo et al. 2013). In a seasonally dry forest in the Yuca-
tan peninsula in Mexico, Hasselquist et al. (2010) observed
lower values of isotopic oxygen ratio in the xylem sapwood
of evergreen species compared to deciduous species, which
suggests that evergreen species can access water in deeper
soil layers. This is an example of how other environmental
aspects influence wood traits beyond the climatic control,
since elevation modifies water availability and soil fertility
(Markesteijn et al. 2011; Méndez-Alonzo et al. 2013).

Larger spatial scales of leaf and wood trait
variation across leaf habits

Traits relationships have been shown to be scale dependent,
with some results pointing to a lack of support for the leaf
economics spectrum at local scales (Messier et al. 2017).
Our review shows a consistent pattern of variation in leaf
and wood traits between deciduous and evergreen species at
the local scale of tropical dry forests (Fig. 1 and Table 1). To
apply this discussion to larger spatial contexts, we performed
a meta-analysis focusing on Neotropical forests for both dry
and rainforests to assess differences between distinct envi-
ronmental contexts as well. For this aim, we used data from
82 published papers and doctoral and master’s dissertations,
which together allowed us to compare 9 functional traits of
90 deciduous and 64 evergreen species from tropical dry
forests (Caatinga and the Seasonal Atlantic Forest), and 60
deciduous and 165 evergreen species from rainforests (Ama-
zon and the Ombrophilous Atlantic Forest). Descriptions
regarding data compilation and methodology are provided
in the Supplementary Information 1.

Overall, our results suggest that local trait differences
related to leaf habits may not be hold at larger spatial
scales, with little or no difference among leaf habits in a
multivariate trait ordination. It is worth noting that there
was a great representation of the global whole-plant eco-
nomic spectrum in our dataset (Fig. 2A, B). There was an

overlap in the functional spaces (i.e., convex hulls) of the
leaf habits of species from tropical dry forests (Fig. 2C),
which suggests selective filtering that converge species
with some degree of traits similarity within this forest type.
Nevertheless, there were clear functional gradients or con-
tinuums within each leaf habit, which also evidence diver-
gences in the strategies species use to arrange a given leaf
habit (Lohbeck et al. 2015; German Vargas et al. 2021),
because some species vary in their degree of deciduous-
ness according to drought intensity (Borchert et al. 2002).
Other explanations are that the leaf habit could not neces-
sarily predict leaf lifespan or other physiological processes
(Brodribb and Holbrook, 2005) and that traits may vary
in relation to other factors, such as local site conditions
or phylogeny (Silva et al. 2021). This functional overlap-
ping was lower in the rainforest (Fig. 2D) in comparison
to dry forest (Fig. 2C), where evergreen species tended
to diverge from deciduous species by showing more con-
servative leaf traits (e.g., high LMA and LDMC, and low
Nmass and Pmass), although it was not seen for wood traits
(mostly in the PC2). This may suggest that when deciduous
species are present in rainforests, they benefit from high
water availability and thus take greater advantage of this
resource though their acquisitive strategy when compared
with evergreen species, which partially corresponds to the
local patterns reported in the literature.

We highlight that the trait—trait relationships from our
study case corresponded to the ones in the global whole-
plant economic spectrum (Diaz et al. 2016). In addition
to the major traits explored in the global context (LMA,
Nmass, SSD, and H), we were able to shed light into some
traits not often measured and discussed, but that have gained
increasing attention in the last decade, such as wood anat-
omy. The use of wood anatomy traits revealed patterns that
are consistent with those reported in the literature, such as
an increase in xylem vessel density related to wood density
(Choat et al. 2005; Chave et al. 2009; Chen et al. 2009a).
In summary, the results of our meta-analysis suggest that
the differentiation of species based solely on leaf habits can
obscure key information on the species functioning when
taken from the context of local forests. In other words, trait
patterns are more predictable at local scales for distinguish-
ing leaf habits and assuming them as informative functional
groups. This discussion could benefit from applying this
analysis to larger scales than the Neotropics, in which high
species diversity can create unclear/inconclusive patterns,
such as those reported here. In addition, a relatively low
number of studies used in the meta-analysis have been car-
ried out in dry forests, reflecting the disproportionate histori-
cal sampling greatly centered on rainforests in the functional
trait literature.
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Fig.2 Multivariate trait ordinations for tree and shrubs species from
tropical dry forests and rainforests in the Neotropics. The global con-
text of trait variations (yellow—-red gradient in A and B) was explored
relative to our dataset, which was produced in the PhenoSpace appli-
cation (few key traits allowed) (Segrestin et al. 2021) based on Diaz
et al. (2016)’s work. A higher number of traits were analyzed out of
the global context to complement the functional evaluation (C and

Tropical dry forest: knowledge gaps
and climate change
Due to their usefulness for simplifying complex sys-

tems such as tropical forests (Vitdria et al. 2019; Chave
et al. 2009), trait-based approaches are appropriate for
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D). Traits” acronyms: LMA leaf mass per area, Nmass and Pmass leaf
nitrogen and phosphorous contents per unit mass, LDMC leaf dry
matter content, Leaf.thick leaf thickness, SDD specific stem density,
Vessel. diam and Vessel. dens wood vessel diameter and density, H
maximum plant height. Each point represents a species, and bigger
points in C and D refer to average weights of convex hulls for each
leaf habit

categorizing species and vegetations. A strong knowledge
base regarding the leaf and wood traits of tropical dry forests
can enhance understanding of the functionality of this eco-
system. Despite scientific advances on traits in the last two
decades, future studies should further investigate decidu-
ousness in tropical dry forests and the conservation of this
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biome. In addition, the role of intra-specific leaf phenology
variation must be considered, as this could be responsible
for some degree of overlap among distinct categories of leaf
habits.

Leaf traits are the most extensively studied traits in tropi-
cal dry forests because of their accessibility (Singh and
Verma 2000). However, these traits only provide partial
evidence regarding ecosystem processes (Powers and Tif-
fin 2010). Therefore, wood, root, and seed traits and the
economic spectrum should also be considered for a more
robust overview. With respect to wood specifically, more
information is needed mainly on physiological traits, despite
important recent advances (German Vargas et al. 2021;
Oliveira et al. 2021). For example, the use of specifics wood
hydraulics traits such as xylem-specific hydraulic conductiv-
ity (Ks, MPa) and hydraulic safety margin (HSM, MPa) in
understanding the functional differences among leaf habit
has only been tested just for a small number of species when
compared to wood or vessel density. This highlights another
gap for leaf and wood, as more information pertaining to
morphological rather than physiological traits is available. It
is essential that advances regarding the knowledge of physi-
ological traits be made to effectively predict the extent to
which leaf habits can be used to infer physiological functions
of the ecosystem. Leaf habits can be monitored by remote
sensing (Huechacona-Ruiz et al. 2020), helping to differen-
tiate the plant functional types and ecosystem productivity.
This is important in the context of climate change.

The forecast for this century is for an increase in the fre-
quency of climatic extremes across the tropics (IPCC 2021),
thus an impact on ecosystem dynamics and its productivity
is expected, especially in environments not normally asso-
ciated with water stress, such as tropical rainforests (Malhi
et al. 2014; Aguirre-Gutierrez et al. 2019). There is evidence
from models and observations to suggest that tropical dry
forests will have undergone substantial changes in their rain-
fall regimes, mainly related to anthropogenic climate change
(Greve et al. 2014; Allen et al. 2017; IPCC 2021). However,
little is known about how individuals, species, and commu-
nities will deal with the increased frequency and intensity
of droughts predicted by climate models. Several studies of
species distribution modeling have been used to map the
potential species richness (PSR) and assess how the spatial
distribution of PSR will be affected by climate change sce-
narios. Modeling for Mesoamerican forests have shown that
the length of the dry season was the main determinant of the
PSR and that an increase in temperature and a decrease in
rainfall can cause an overall reduction in the current PSR
(Golicher et al. 2012). However, this response was spatially
heterogeneous with rainforests suffering more losses than
dry forests and the dry forest PSR was more stable under
a moderate climate change scenario. Esser et al. (2018)
modeling distinct climate change scenarios for the Atlantic

Forest also observed a spatially heterogeneous response,
although with a distinct pattern where there was the occur-
rence of relatively stronger potential loss of suitable envi-
ronment for semideciduous forest (Seasonally Dry Atlantic
Forest), with semideciduous and rainforest species showing
a lower degree of overlap in climate adequacy (6.7% in the
current climate), which decreases with the climate change
scenario (1.2% in Representative Concentration Pathway—
RCP8.5/2070). Tropical dry forests are not necessarily more
resilient than tropical rainforests, but they may be more
resistant to specific disturbances such as fire and drought
(Pulla et al. 2015).

In fact, it is possible that wetter tropical forests are either
more sensitive or more resistant to climate change than
tropical forests found in drier environments (Allen et al.
2017). Thus, studies that help to understand how changes
in climate can modify the responses of the tropical forest
are of great importance, mainly because the responses of
tropical forests to an increasingly drier climate may change
biodiversity composition in unexpected ways, with an
increase or decrease in tree mortality (Bonal et al. 2016).
The risk of tree mortality increases rapidly with the occur-
rence of extreme or repeated severe droughts (Meir et al.
2015). Tropical forests in West Africa respond differently
to a drying climate, modifying their functional trait com-
position by changing the abundance of deciduous species,
especially in drier forests in comparison with humid forests
due to climatic water deficit between different forest types
(Aguirre-Gutierrez et al. 2019). Since most deciduous spe-
cies are physiologically and structurally distinct and better
adapted to dry environments than evergreen species (Alva-
rez-Yépiz et al. 2017), an increase in their abundance that
would improve the ability to adapt ecologically to a drying
environment is expected. However, little is known about the
role of deciduous and evergreen species in this scenario in
tropical forests elsewhere. Thus, expanding our knowledge
of leaf habits and physiological traits is critical for overcom-
ing the interlinked challenges of climate change, land use
change, and the biodiversity crisis of tropical dry forests.

Conclusions

Deciduous species or species with short leaf lifespan often
exhibit resource-acquisitive strategies, while evergreen
species or species with long leaf longevity have resource-
conservative strategies. Although leaf longevity is usually
associated with leaf habits, they are not necessarily linked
as the maintenance of the canopy, for example, may depend
on the rapid replacement of short-lived leaves in some ever-
green species. Regardless of the plant organ, more morpho-
logical than physiological/biochemical traits are available
for comparing leaf habits. According to the literature that
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differentiate leaf habits, a set of leaf and wood traits should
be observed instead of using one or few traits. Lastly, leaf
habit differentiation is clearer in terms of local contexts of
tropical dry forests than in larger spatial contexts.
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