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The major direct drivers of environmental change in mountains 
are relief, hydroclimate and land use. Mountain forests affected by 
persistent seasonal or annual fog are called montane cloud for-
ests ( Bubb et al. 2004). On the slopes of temperate mountains, 
the elevation of the cloud base marks the transition from mon-
tane (hardwood-deciduous, lower-altitude) to cloud (conifer-
evergreen, higher-altitude) forests ( Braun 1964). Montane cloud 
forests intercept fog and cloud droplets (horizontal precipitation), 
which can add substantial amounts of water to the hydrologic 
system ( Bruijnzeel et al. 2011). Suppressed incoming radiation 
and transpiration rates may also be favourable for low water use 
( Bruijnzeel and  Veneklaas 1998). Fog drip and cloud shading 
regulate ecosystem water balance and atmospheric vapour pres-
sure deficit. In an intensified drought scenario ( McDowell et al. 
2011), in which water is the primary limiting factor to vegetation 
growth, horizontal precipitation and low transpiration might have 
a significant impact on water availability and, thus, shape moun-
tain vegetation significantly. A potential increase in cloud base 
height and associated effects, on energy and water balance, 
underlie concerns regarding how cloud regime and fog frequency 
may be altered in coming decades ( Williams et al. 2015). The 
combination of shallow root systems, reduced photosynthetic 
rates and lower air temperatures of temperate montane cloud 
forests may lead to increased sensitivity of vegetation damage by 
drought and warrants revisiting the sensitivity of stomatal con-
ductance to varying vapour pressure deficit and regulation of 
water potential in these foggy ecosystems ( Jane and  Green 1985). 
Discontinuities in vegetation composition and community structure 
may offer insights into the factors controlling ecological processes 
along environmental gradients, such as those associated with 

 elevational changes in temperature and moisture ( Martin et al. 
2007). Discrete montane forest ecotones are associated with 
pronounced environmental (and micro-environmental) disconti-
nuities or with contrasting disturbance history ( Palombo et al. 
2014). However, the ecophysiological consequences of water 
uptake and transport mechanisms in temperate montane cloud 
forest tree species remain largely unexplored, as do the feedbacks 
on vegetation boundaries and interactions with atmospheric 
depositions.

In this issue,  Berry et al. (2015) compare plant water status 
during cloud-immersed and non-immersed conditions and hydrau-
lic vulnerability in branches and roots of species across a temper-
ate, mountain fog ecotone. Cloud forest species were expected to 
have less drought-resistance characteristics (e.g., lower water 
potential at 50% loss of hydraulic conductivity) and greater 
improvements in hydraulic functioning during fog relative to non-
cloud forest species. In both conifer cloud forest and northern 
hardwood non-cloud forest trees,  Berry et al. (2015) reveal that 
fog generally improves water potential of both branches and 
leaves throughout the day, with the cloud forest conifers showing 
unique patterns with a maintenance or rise of leaf water potential 
in morning hours, during fog periods and peak photosynthesis. 
Fog-improved water potentials in these cloud forest trees have 
been attributed to foliar uptake and reduced transpiration, due to 
moisture on leaf surfaces ( Reinhardt and  Smith 2008,  Berry et al. 
2014) and low vapour pressure deficit ( Dawson 1998,  Laur and 
 Hacke 2014). However, while fog ameliorated plant water status, 
this did not translate into any significant functional change in trees 
growing in the cloud forest when compared with non-cloud forest 
species. In addition to plant water relations, the water subsidy 
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effect of fog/cloud interception has been found to be beneficial to 
the annual carbon gain of conifer species ( Johnson and  Smith 
2006,  Reinhardt and  Smith 2008,  Berry and  Smith 2013,  2014). 
The selective forces and ecological conditions responsible for 
the evolution of anatomical features and functional traits remain 
enigmatic in these temperate montane cloud forests and warrant 
 phylogenetic analyses.

Plant functional traits affect population growth and can explain 
the variation in ecosystem functional properties and the spatial 
arrangement of vegetation. Functional traits are coordinated 
within and across species ( Cocozza et al. 2015), allowing the 
most efficient resource exploitation and allocation ( Manzoni 
et al. 2014). In particular, hydraulic traits are expected to be 
coordinated ( Reich 2014). Stomata and the hydraulic system 
regulate water transport in response to water availability and 
evaporative demand (Sperry et al. 2002). Hydraulic dysfunc-
tion, impairing water supply to distal tissues, may be caused by 
drought-induced increases in tension and freeze–thaw events 
( Pittermann and  Sperry 2006). Future cloud ceilings have been 
predicted to rise in mountain environments as the climate 
changes, resulting in substantially less cloud immersion 
( Richardson et al. 2003), which can affect water balance and 

hydraulic efficiency of tree species during dry periods ( Figure 1). 
 Gotsch et al. (2014) found that water inputs via foliar uptake 
occurred 34% of the time and led to the recovery of 9% of all 
the dry-season water transpired from individual branches, which 
can have significant effects on the water relations of trees and 
partially offset the water losses due to transpiration. Foliar water 
uptake of fog and clouds has been widely reported in several 
temperate ecosystems ( Burgess and  Dawson 2004,  Breshears 
et al. 2008,  Limm et al. 2009,  Simonin et al. 2009).  Eller et al. 
(2013) observed that fog water diffused directly through leaf 
cuticles and contributed up to 42% of total foliar water content, 
enhancing leaf water potential, photosynthesis, stomatal con-
ductance and growth of Drimys brasiliensis Miers. (Wintera-
ceae), an abundant and widely distributed woody species in the 
Atlantic cloud forests of Brazil. However, the presence of a water 
film over a leaf can reduce the diffusion of CO2 and, therefore, 
photosynthesis.

In semi-arid montane environments, where precipitation most 
frequently occurs as medium to small events, foliar absorption 
could also enable plants to bypass soil water uptake and benefit 
from the majority of precipitation events, which wet foliage but 
do not increase soil moisture substantially. When avoidance 
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Figure 1. The schematic depicts the direction of water fluxes and ecophysiological changes in temperate montane cloud forests under contrasting 
climatic scenarios. In scenario a (right side), tree foliage intercepts cloud and fog water that drips to the soil via throughfall and stemfall, or is absorbed 
by the leaves and redistributed downwards through the plant xylem, providing additional water supply to the forest ecosystem. In scenario b (left side), 
climate-driven forest die-off may derive from drought and heat stress, further reducing canopy water interception capacity and availability of soil mois-
ture, and inducing shifts in vegetation cover; deforestation may also reduce cloud occurrence and cloud water interception by the vegetation. Cloud/
fog water interception reduces water potential gradients, decreasing plant transpiration and increasing water potential and ion deposition (scenario a); 
the greater safety margin diminishes the risk of xylem cavitation. With a rising of cloud base, these forests would reduce throughfall and groundwater 
recharge (scenario b); the greater water evaporation and poorer stomatal regulation increase the probability of hydraulic failure. Vertical arrows indicate 
the direction of processes.
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strategies related to stomatal restriction of transpiration are not 
sufficient to recover from stress, foliar water uptake can also be 
an important mechanism responsible for successful embolism 
repair in leaves and stems of montane cloud forest plants, based 
on the refilling of dysfunctional xylem conduits ( Limm et al. 
2009,  Simonin et al. 2009,  Eller et al. 2013). Cuticular absorp-
tion could reduce the tension on the xylem enough to allow for 
refilling ( Burgess and  Dawson 2004,  Limm et al. 2009,  Oliveira 
et al. 2014). Although foliar water uptake may enable an overall 
increase in water potential, the question remains regarding 
whether it also allows refilling.  Mayr et al. (2014) suggested 
that refilling in Picea abies (L.) Karst is based on water shifts to 
embolized tracheids via intact xylem, phloem and parenchyma, 
whereby aquaporins reduce resistances along the symplastic 
pathway and aspirated pits facilitate isolation of refilling tra-
cheids. Despite the sharp transition between cloud and non-
cloud forests,  Berry et al. (2015) show that branches have 
similarly large safety margins, which is in contrast to what has 
been observed in tropical montane cloud forests ( Oliveira et al. 
2014), high vulnerability of roots, relatively low leaf hydraulic 
conductance and strong isohydric responses. Corresponding to 
their hydraulic functions, roots and leaves operate as sensitive 
safety valves in critical conditions (Figure 1). Because isohydric 
plants are expected to reduce stomatal conductance, as soil 
dries, transpiration and growth rates should also be reduced. 
Consequently, higher water use efficiency and survival can be 
expected in isohydric plants than anisohydric plants under pro-
longed drought.  Berry et al. (2015) add to the current debate 
on the implications of different stomatal and hydraulic behav-
iours for identifying species-specific strategies to maximize pro-
ductivity under declining water supply and explaining species 
distribution across environmental gradients.

The hydraulic properties of different components of the water 
transport pathway vary as a function of water availability, includ-
ing the hydraulic conductivity of roots and the root–soil interface 
( Meinzer 2002).  Berry et al. (2015) observe that across the 
sharp mountain cloud forest ecotone, the differences in microcli-
mate due to frequent fog do not significantly affect hydraulic con-
ductivity or species vulnerability to embolism. Stomatal regulation 
of transpiration provides an efficient mechanism allowing plants to 
control water transport and loss under drought conditions, avoid-
ing critical thresholds in water potential being reached. Yet, in 
temperate montane cloud forests, light tends to be scattered in all 
directions by clouds and fog, or simply by high air humidity and 
aerosol particles. On a cloudy day, nearly 100% of the incoming 
light is diffuse, as clouds, haze or fog scatter the light before it 
reaches the earth’s surface. More uniform distribution of light 
within the forest canopy and the increased proportion of diffuse 
light have been associated to higher forest photosynthesis and 
productivity ( Krakauer and  Randerson 2003,  Johnson and  Smith 
2006,  Tognetti et al. 2012), although leaf-level photosynthetic 
rates can go in the opposite direction ( Brodersen et al. 2008). 

Accumulation of carbohydrates may be required to provide suffi-
cient active osmotica for local changes in water potential, creating 
a driving force for water inflow ( Secchi and  Zwieniecki 2012), 
and for the biosynthesis of aquaporins. The segmentation hypoth-
esis asserts that the distal portions of the hydraulic pathway 
should be more disposable than the main stems to which they are 
attached, enabling the more proximal stems to become hydrauli-
cally isolated when conditions warrant ( Johnson et al. 2012). 
 Berry et al. (2015) hypothesize that the roots of conifers of the 
cloud forests are likely to be more vulnerable to cavitation than 
branches, and they embolize and refill more frequently than those 
of angiosperms of the non-cloud forest.  Berry et al. (2015) pro-
pose that the vulnerability to water deficit of distal organs (roots 
and leaves) may determine physiological functioning in temperate 
montane cloud forests (Figure 1).

The water absorbed by leaf surfaces can evaporate into the 
atmosphere, be allocated inside the plant or reach the plant rhi-
zosphere ( Eller et al. 2013). The ecophysiological conse-
quences of this hydraulic redistribution at the plant level, in the 
study of  Berry et al. (2015), include a decrease in branch 
embolism (Figure 1). A number of ecological effects on soil level 
processes may also be expected, and deforestation-induced 
reduction of cloud occurrence and cloud water interception by 
the vegetation should be considered in modelling the hydrologi-
cal effects of land-use change in mountain watersheds. The 
paradigm that considers soil water as the only water source 
used by vegetation for carbon fixation and evapotranspiration is, 
once again, challenged ( Burgess and  Dawson 2004,  Simonin 
et al. 2009,  Eller et al. 2013). Cloud/fog immersion and water 
uptake by foliage may, however, also be detrimental to leaf phys-
iology as a result of the facilitation of pathogen infection or 
microorganism proliferation, reduced capacity to control water 
loss through a more permeable cuticle, nutrient leaching and 
even decreases in gas exchange ( Oliveira et al. 2014). Intercep-
tion of cloud water or fog not only influences the hydrological 
cycle of mountain forests, but these fluxes also mediate the 
transfer of mineral nutrients and the deposition of pollutants 
from the atmosphere (Figure 1). This generates concerns about 
the deposition of nitrogen components and their effects on ter-
restrial and aquatic plant communities, and the soils ( Holland 
et al. 2005,  Köhler et al. 2014). Nanoparticles produced by 
natural phenomena or human activities and released into the 
atmosphere may enter leaves via stomata and other openings 
through wet deposition on plant surfaces ( Dietz and  Herth 
2011). The absorption of nanoparticles on leaf surfaces and 
their accumulation in leaf tissues may alter gas exchange and 
mesophyll function, resulting in foliar heating and adverse effects 
on whole-plant physiology. Deposition, uptake, cell-to-cell and 
long-distance translocation of nanoparticles should be put into 
the context of existing research on plant surfaces and inner 
 tissues, using new methods and technologies (e.g., quantum 
dots and novel microscopy), as well as stomatal and xylem traits.
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