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Abstract

Key message Highly variable nighttime transpiration,

with higher rates generally observed after preceding

fog, is prevalent in dominant tree species of the nutri-

ent-poor tropical montane cloud forest environment of

central Veracruz, Mexico.

Abstract Although nighttime transpiration (En) is pre-

valent in a wide range of species from cloud-affected for-

ests, its magnitude relative to total daily transpiration (Ed)

as reported in the literature is generally small (En/Ed is 0.12

on average). In the present study, we observed high dry-

season En/Ed ratios with large night-to-night variation in

dominant species from the tropical montane cloud forest

(TMCF) zone of central Veracruz, Mexico: 0.22 ± 0.18

for Quercus lancifolia (old-growth TMCF); 0.26 ± 0.14

and 0.16 ± 0.16 for Alchornea latifolia and Alnus jorull-

ensis, respectively (regenerating post-fire TMCF); and

0.30 ± 0.20 to 0.12 ± 0.21 for Pinus patula (young and

mature pine plantations). En was determined as the dif-

ference between observed nocturnal sap flow and estimated

refilling of stem water storage, the latter of which was on

average: 21–25 % of nocturnal sap flow for Q. lancifolia; 6

and 5 % for A. latifolia and A. jorullensis, respectively; and

21–23 % for P. patula. Night-to-night variation in En was

mostly due to large variation in vapor pressure deficit

(VPD) related in turn to the alternation of cold fronts

(producing fog events) and high pressure weather (pro-

ducing nights with VPD up to 2 kPa). Moreover, in the

hours following fog events without concurring rainfall, En

was often higher as compared to fog-free nights with

similar VPD across all species examined. Low-nutrient

availability and high water content of the soils in the study

area suggest a nutrient uptake benefit associated with the

relatively high En rates observed.

Keywords Tropical montane cloud forest � Sap flow �
Nocturnal � Andosols � Nutrients � Mexico

Introduction

Nocturnal ecosystem water loss via plant transpiration as a

consequence of incomplete stomatal closure is prevalent

across species and environments (Caird et al. 2007; Daw-

son et al. 2007). The reported contribution of nighttime

transpiration (En) to total daily transpiration (Ed; 24-h
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period) is highly variable, yet a growing body of evidence

shows that En may constitute a significant, yet largely

unaccounted for, component of the water balance in dif-

ferent ecosystems (cf. Dawson et al. 2007; Fisher et al.

2007; Oishi et al. 2008). En expressed as a percentage of Ed

for woody species is commonly below 20 %, although

values up to 30–60 % have also been observed (Field and

Holbrook 2000; Snyder et al. 2003; Wallace and McJannet

2010). The variation in En is not only due to environmental

differences, but also to intra- and inter-specific variation in

physiological traits (Daley and Phillips 2006; Phillips et al.

2010; Rosado et al. 2012; Zeppel et al. 2010).

High nocturnal atmospheric vapor pressure deficit

(VPD) along with high soil water availability are the most

commonly reported environmental drivers of nighttime

transpiration (En), that is, coinciding conditions of high

evaporative demand and plant water potential (Burgess and

Dawson 2004). Experimental evidence has also shown that

high En is typically observed when low air humidity con-

curs with high soil water content, such as may occur after

rain events or during wet to dry transitions (Dawson et al.

2007; Moore et al. 2008; Zeppel et al. 2011). High En has

also been reported for wet sites such as rainforests (Wal-

lace and McJannet 2010).

Frequent canopy immersion in near-surface clouds, or

fog, tends to improve plant water status by directly

increasing canopy hydration via the uptake of cloud water

deposited on leaf surfaces (Goldsmith 2013), suppressing

transpiration (Alvarado-Barrientos et al. 2014; Ritter et al.

2009) and providing an additional water input into the soil

(Bruijnzeel et al. 2011). In the majority of tropical montane

regions, fog usually occurs most frequently during the late

afternoon and night due to the diurnal pattern of oro-

graphic-convective cloud development over the mountains

(Alvarado-Barrientos et al. 2014; Garcı́a-Santos and Bru-

ijnzeel 2011; Giambelluca and Gerold 2011). Given this

timing of fog occurrence, En for tree species in tropical

montane cloud forest (TMCF) environments may be

expected to be low relative to Ed. On the other hand, as

mentioned earlier, fog improves canopy hydration, which

in turn may enhance stomatal conductance after fog dissi-

pates (Chu et al. 2012; Reinhardt and Smith 2008), and

lead to increased En as compared to nights without pre-

ceding fog. In this respect, it is important to note that En

following fog events can only occur if stomatal gas

exchange is not blocked by a film of water formed by fog

deposition, such as after light and/or intermittent fog and/or

because of hydrophobic leaf surfaces (Rosado and Holder

2012). Interestingly, relatively high rates of En (31–69 %

of Ed) have indeed been reported for several species in an

elfin cloud forest in Costa Rica (Field and Holbrook 2000).

Similarly, a recent study in the seasonally dry montane

cloud forest of central Veracruz, Mexico, i.e. the same as

studied here, showed that about 17 % of the total dry-

season branch-level transpiration of a dominant oak species

(Quercus lancifolia) occurred at night, 9 % of which was

recovered by foliar water uptake associated with fog and

wet canopy events (Gotsch et al. 2013). However, none of

the above studies examined the effects of preceding fog

occurrence on whole-tree En. Advancing knowledge on the

ecohydrological significance of fog for cloud-affected

ecosystems, as well as the conditions that promote noc-

turnal plant water loss, is valuable given the projections of

reduced fog frequency and occurrence in these environ-

ments in the case of warmer and drier future climate

(Barradas et al. 2010; Karmalkar et al. 2008; Richardson

et al. 2003; Still et al. 1999; Williams et al. 2007).

Finally, it has been postulated that En may be evolu-

tionarily advantageous as it is a mechanism to increase the

flow of nutrients to the roots and distal parts of the plant

(Caird et al. 2007; Dawson et al. 2007; Donovan et al.

2001; Masle et al. 1992; Snyder et al. 2003). It may,

therefore, be expected that En/Ed is higher at sites where

soil nutrient availability is low. There is some evidence that

supports this hypothesis. For example, Snyder et al. (2008)

found decreased nitrogen uptake when En was suppressed

by bagging the canopy of desert shrubs. Also, consistently

higher En was found for Eucalyptus tereticornis seedlings

under low soil phosphorous (Resco de Dios et al. 2013).

Nevertheless, results from other studies contradict the

nutritional benefit hypothesis for high En rates (e.g. How-

ard and Donovan 2007, 2010; Scholz et al. 2007). Despite

presenting high soil organic carbon content, TMCFs have

relatively low productivity and are considered to be nitro-

gen limited. This has been linked to low decomposition and

mineralization rates, low soil fertility and/or high acidity,

as well as to low nutient uptake due to climatically con-

trolled suppression of transpiration rates (i.e. low light and

high air humidity) (Benner et al. 2010; Bruijnzeel and

Veneklaas 1998; Fisher et al. 2013; Salinas et al. 2011;

Tanner et al. 1998).

The main objectives of the present work were to study

the patterns of En and quantify En/Ed ratios of dominant

tree species under the prevailing climate and soil charac-

teristics of the seasonally dry montane cloud forest of

central Veracruz, Mexico. Given the conditions of consis-

tently high soil water content in combination with nutrient-

poor soils, as well as the frequent alternation of foggy and

dry atmospheric conditions that characterize the study area,

we expected to observe high En/Ed ratios across species.

Other particular objectives were to test the hypothesis that

En is enhanced by preceding fog events (as compared to

nights not preceded by fog) and to examine the strength of

the relationship between nocturnal VPD and En under

different weather conditions. The species selected domi-

nate the canopy of three main forest types in the study area:
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(1) Quercus lancifolia (old-growth TMCF); (2) Alchornea

latifolia and Alnus jorullensis (naturally regenerating (post-

fire) TMCF); and (3) Pinus patula, native to the higher

altitude of the TMCF zone and widely used in reforestation

projects throughout the region. We also present ancillary

data characterizing the soil water and nutrient availability

to better understand the conditions under which En occurs

at this site.

Materials and methods

Study area and sites

The study was conducted in the higher altitude of the

TMCF zone (between 2,000 and 2,500 m a.s.l.) on the

eastern (windward) slope of the Cofre de Perote volcano,

central Veracruz, Mexico. The climate in this area is

temperate humid, with an average temperature of

14.3 ± 0.2 �C and a mean annual precipitation (MAP)

3011 ± 309 mm (F. Holwerda unpublished data). Rainfall

and cloud immersion present a marked seasonal distribu-

tion, with a wet season (May–October) during which

approximately, 80 % of MAP falls and fog occurrence is

generally low, and a dry season (November–April) char-

acterized by an alternation of stable, dry weather and cold

front intrusions that produce fog events and light rain and/

or drizzle for 1–3 days (Holwerda et al. 2010; Alvarado-

Barrientos et al. 2014). Given the prevalence of fog in the

dry season, we concentrated our analyses on this season.

Tree species from four different forest types were

studied: (1) old-growth TMCF (hereafter called MAT),

locally known as ‘‘bosque mesófilo de montaña’’ (Garcı́a

Franco et al. 2008) and dominated by two semi-deciduous

oak species (Q. lancifolia and Q. ocoteifolia), as well as by

Clethra macrophylla, Parathesis melanosticta and A. lati-

folia; (2) 20-year-old naturally regenerating (post-fire)

TMCF (SEC), dominated by deciduous alder (A. jorullen-

sis), A. latifolia, C. macrophylla and Miconia glaberrima;

(3) 10-year-old Pinus patula reforestation (YREF); and (4)

30-year-old pine plantation (MREF), also dominated by P.

patula and subject to selective logging (see Fig. 1 for

locations). Table 1 summarizes the study site characteris-

tics. For more details on the study sites, refer to Alvarado-

Barrientos et al. (2014) and Muñoz-Villers et al. (2012).

The soils of the study area are underlain by moderately

weathered andesitic volcanic breccias, which in turn are

underlain by saprolite weathered from fractured andesitic-

basaltic rock. The soil is usually deep (1.3–3 m) and mul-

tilayered at mid-slopes and ridges (Muñoz-Villers and

McDonnell 2013). The prevailing soil type is Andosol

(IUSS Working Group WRB 2006). The soil texture is loam

Fig. 1 Location of the study area in central Veracruz, Mexico, and

topographic-land use map showing the instrumentation sites. Sources:

QuickBird satellite image (2004) and ancillary data scale 1:50,000

from the National Institute of Statistics, Geography and Informatics of

Mexico (INEGI 2000). False color composite: 341 (RGB). Dark

green mature forest; light green secondary forest; light purple and

magenta crops and grasslands (color figure online)

Trees

123



(MAT and YREF) or silt loam (SEC and MREF), and bulk

density is extremely low-to-low (0.2–0.6 g cm-3) in most

soil horizons reflecting high porosity (0.8–0.9 cm3 cm-3).

The soils are characterized as nutrient-poor across sites: low

pH, low effective cation exchange capacity, low base sat-

uration, very high phosphate retention, and high C/N ratios

regardless of high organic matter (‘‘Appendix 1’’). A more

detailed description of the chemical properties (related to

nutrient availability) of the study sites is given in

‘‘Appendix 1’’.

Microclimate, leaf wetness and soil water content

measurements

Automated weather stations were installed near the study

sites in open areas with south-east exposure (Fig. 1). Data

from the ‘‘La Cortadura’’ station (2,128 m a.s.l.) were

taken as representative of conditions at the MAT, SEC and

YREF study sites, whereas data from the ‘‘Tierra Grande’’

station (2,400 m a.s.l.) were used for the MREF sites.

Meteorological data were available as 10-min averages

from 30 s samples. Variables measured included: incoming

solar radiation (Rs [W m-2]), air temperature (T [�C]),

actual vapor pressure [kPa], wind speed (U [m s-1]),

rainfall (P [mm]), and horizontal visibility (VIS [m]).

Actual vapor pressure was calculated from dry- and wet-

bulb temperatures measured with thermocouples, after

which atmospheric vapor pressure deficit (VPD [kPa]) was

computed as the difference between actual vapor pressure

and the saturation vapor pressure for T. For details on

instrumentation, see Holwerda et al. (2010) and Alvarado-

Barrientos et al. (2014).

The occurrence of fog was defined as VIS \ 1,000 m

(Glickman 2000), and fog events as periods with fog sep-

arated by a fog-free period of at least 3 h (Alvarado-Bar-

rientos et al. 2014). Leaf wetness was measured with

dielectric leaf wetness sensors (Decagon USA) installed

within the canopy of YREF (two sensors at 4 and 6 m from

the ground, respectively), MAT (two sensors at 25 m from

the ground) and SEC (one sensor at 15 m from the ground).

No leaf wetness sensors were installed in the canopy of

MREF because of logistical constraints.

Soil volumetric water content (VWC) was monitored

continuously from April 2009 to May (YREF and MREF)

Table 1 Characteristics of the study sites and sample trees

MAT SEC YREF MREF

Longitude -97.0452 -97.0408 -97.0422 -97.0559

Latitude 19.4950 19.4979 19.4931 19.5054

Elevation [m a.s.l.] 2,170 2,170 2,180 2,470

Aspect South South South-East South-East

Slope 28� 19� 20� 25�
Canopy height [m] 27 (10)a 20d 7 (1.5)e 23 (2.80)e

LAI [m2 m-2] 6.3b 5.2b 5.21 (0.10)e 3.23 (0.32)e

Tree density [stems ha-1] 2,965c 4,190c 3,783 (652)e 662 (92)e

Basal area [m2 ha-1] 48c 32c 34.3 (9.6)e 46.7 (15.3)e

Tree species: Quercus lancifolia: Alchornea latifolia: Pinus patula: Pinus patula:

n 2 1 8 10

DBH [cm] 21.0–62.1 9.8 7.3–11.8 20.4–61.0

qb [kg m-3] 671 (26) 404 (10); 377 (21) 443 (29)

Alnus jorullensis:

2

18.3–18.5

447 (12)

Standard deviations are given between parentheses where applicable and available

LAI leaf area index, n number of trees, DBH diameter at breast height (1.4 m from the ground), qb basic density of sapwood (dry weight/green

volume)
a Garcı́a Franco et al. (2008)
b Cruz-Martı́nez (2010)
c Hernández Hernández (2010)
d Unpublished data F. Holwerda
e Alvarado-Barrientos et al. (2014)
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and October (MAT and SEC) 2010. At MAT, SEC,

MREF1 and MREF2, capacitance-based sensors (type 10

HS) connected to an EM50 data logger (Decagon Devices

Inc. USA) were used, while water content reflectometers

(type CS616) connected to a CR1000 datalogger (Camp-

bell Scientific USA) were installed at YREF. The depths at

which VWC probes were installed typically coincided with

the different soil horizons identified at each site (Appendix

Table 4). The sensors were installed horizontally into the

upslope face of the soil pit. After the study period con-

cluded, each pit was carefully reopened and the sensors

extracted together with the surrounding volume of soil

using PVC tubes (10.4 cm diameter and 5 cm longer than

the length of the sensors used) to develop probe- and site-

specific calibration equations (E. Hincapié et al. unpub-

lished data) following the method outlined in Starr and

Palineanu (2002).

Sap flow measurements

Table 1 provides information on the species and sample

trees used. Heat pulse velocities were measured at three

depths within the sapwood using the Heat Ratio method

(Burgess et al. 2001) and custom-made sensors (Iowa

State University). Sensors were installed on the north

side of the stems at 1.4 m from the ground. Each tem-

perature probe had three thermocouples positioned at 0.5,

1.7 and 3 cm, from the outer surface of the sapwood.

The temperature probes were positioned at 0.6 cm above

and below the heater probe, and the nominal value of

thermal diffusivity of green wood, 2.5 9 10-3 cm2 h-1

(Marshall 1958), was used for all species examined.

More details on probe installation and data collection

procedures are given in Alvarado-Barrientos et al.

(2014). Heat pulse velocity data were corrected for

misalignment and wounding following Burgess et al.

(2001) for all species. ‘True zero’ velocity for P. patula

trees was derived from average velocities observed after

stopping sap flow at the end of the measuring period, as

described in detail in Alvarado-Barrientos et al. (2013).

For the MAT and SEC trees, ‘true zero’ velocity was

determined from average heat pulse velocities observed

under meteorological conditions conducive to (near) zero

flow (Ambrose et al. 2009, 2010; Gotsch et al. 2013).

Finally, sap velocity was derived from the corrected heat

pulse velocity data, and average species- and site-specific

values of the basic density and water content of the

wood (Table 1; Burgess et al. 2001), the latter of which

were determined from cores extracted with an increment

borer (Suunto Finland). The average value of sapwood

water content for P. patula trees in YREF (0.95) was

also used for trees in the MAT and SEC because data

were not available for the latter sites.

Hourly whole-tree sap flow (Fs) for P. patula trees was

computed using the radial profile of sap velocity obtained

using additional probes with thermocouples covering more

depth within the sapwood of larger trees as reported by

Alvarado-Barrientos et al. (2013). Briefly, Fs = 2 p Ls
2 q cs

0.001 [L h-1], where q is a fixed value of the lumped shape

parameter of the radial profile, cs [cm h-1] the maximum

likelihood estimate of the time-variant component of the

radial profile (derived by fitting the Beta probability den-

sity function to measured sap velocities at known depths

within the sapwood), and Ls [cm] the measured sapwood

depth of each tree (from visual inspection of cores). For

instances when the Beta function was not a good fit (24 %

of the radial profiles), Fs was calculated as the product of

an area-weighted average of sap velocity (Hatton et al.

1990) and sapwood area (As) of each tree.

For the case of MAT and SEC trees, the sap velocities

measured at 5, 17 and 30 mm from the cambium were

simply averaged as a radial profile was not always evident

from the data. Hourly values of Fs were then obtained as

the product of average sap velocity and As, the latter

of which was calculated from allometric relationships

developed previously for the sampled species (Hernández

Hernández 2010): As_Q.lancifolia = 1.5682 DBH1.4067

(r2 = 0.97, n = 18); As_A.latifolia = 2.1601 DBH1.35585

(r2 = 0.94, n = 22); and As_A.jorullensis = 3.1758

DBH1.17288 (r2 = 0.96, n = 39), where DBH is diameter at

breast height. Observations from two dry seasons (2008/09

and 2009/10) were available for P. patula trees, while for

all other species data were limited to the 2009/10 dry

season.

Differentiating refilling of stem water storage

from nighttime transpiration

Diurnal courses of whole-tree sap flow (Fs) were first

analyzed to estimate the proportion of nocturnal Fs attrib-

utable to refilling of stem water stores, which could have

become depleted during daytime using the ‘forecasted

refilling’ approach of Fisher et al. (2007). This is a time-

separation method where the declining portion of the

diurnal course of Fs is extrapolated forward in time until it

reaches zero flow as expected if there was no nocturnal

water loss, thus the area below this forecasted curve is an

estimate of refilling (Fisher et al. 2007). In turn, the area

above the forecasted curve and all nocturnal Fs observed

after this curve has reached zero, indicates nocturnal water

loss (En; Fisher et al. 2007). This approach can only be

applied for periods with clear-sky daytime conditions and

low nocturnal VPD, so that: (1) stem water storage is

depleted by daytime transpiration, and (2) no strong

atmospheric demand for nocturnal water loss imply that

nocturnal Fs observed is due to refilling stem water stores.
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Therefore, at least four periods of Fs data from sunrise of a

particular day to sunrise of the next day were selected for

each tree. These periods were characterized by clear-sky

conditions during the preceding daytime hours and near-

zero VPD during the first hours of the night. Also, these

periods were chosen to coincide with the end of the dry

season (including the transitional month of May), i.e. when

soil water content was expected to be lowest. Periods with

any fog occurrence were avoided to minimize the proba-

bility of foliar water uptake. To construct the forecasted

curve, an exponential decay function (Fs (t) = Fs (0) ekt)

was fitted to Fs data, where t = 0 was 2 h before sunset and

the last fitted Fs data point was before an inflexion point

was reached (i.e. when nocturnal Fs increased instead of

continuing to decline fitting the exponential decay func-

tion). For each of the selected periods, the proportion

attributable to refilling was then calculated as the area

below the forecasted refilling curve divided by total noc-

turnal Fs. Nighttime was defined as Rs \ 7 W m-2, typi-

cally occurring 1 h after sunset and 1 h before sunrise.

Finally, for each tree an average percentage of refilling was

calculated.

Total daily transpiration (Ed) was the 24-h cumulative

sum of Fs of a calendar day (i.e. 0:00-sunrise and sunset-

0:00). En was calculated as total nocturnal Fs minus the

average percentage refilling found with the analysis

detailed above. En/Ed was computed using only those days

with complete 24-h series of Fs. The total number of days

available for calculating En/Ed is presented in Table 2.

Statistical analyses

Fs (and En) data were aggregated by DBH classes when

more than one sample tree of similar size was available.

Five classes were formed for P. patula: \20 cm (n = 8;

YREF), 20–30 cm (n = 3; MREF), 31–40 cm (n = 3;

MREF), 41–50 cm (n = 2; MREF) and [50 (n = 2;

MREF). One class was formed for A. jorullensis: \20 cm

(n = 2; SEC).

To test the hypothesis that En is higher after the occur-

rence of fog as compared to nights not preceded by fog, only

En data from midnight to 1 h before sunrise were used. As

shown in the results section, this period of the night was

selected to avoid including sap flow related to refilling stem

storage. Furthermore, three datasets were composed by

classifying nights as: (1) ‘clear’, when the entire night was

fog free and the preceding day had a (near) clear sky; (2)

‘foggy’, when a fog event started before sunset and lasted

throughout the night; and (3) ‘clear-after-fog’, for nights

preceded by a fog-only event (i.e. no concurring rainfall) that

ended not earlier than 19:00 and during which the canopy

remained dry. To take into account the differences in VPD

among the night categories defined, the relationship between

VPD and En for each night category was examined by fitting

an exponential decay function (increasing form) to hourly

data: En = c(1-e-k VPD) (non-linear least squares, Matlab

R2012a). The goodness-of-fit was determined by r2 and

RMSE of the fitted curve. The coefficients c and -k (upper

limit for En and rate of increase, respectively) for ‘clear’ and

‘clear-after-fog’ night categories were compared for each

tree or group of trees (separated by species and size classes).

If preceding fog produced a significant increase in En, the

‘clear-after-fog’ curve would have higher c and k compared

to the ‘clear’ curve. The differences were considered sig-

nificant if the 95 % CI of the coefficients did not overlap.

Note that data for mature P. patula trees (MREF) were not

considered for hypothesis testing (consequently, neither

VPD vs. En for different night categories) because leaf

wetness was not measured at this site, precluding the iden-

tification of ‘clear-after-fog’ conditions.

Table 2 Percent of nocturnal whole-tree sap flow (Fs) attributable to refilling and the ratio of nighttime (En) to total daily (24-h) transpiration

(Ed) for different species in the cloud forest zone of central Veracruz, Mexico

Site Species DBH [cm] Refilling [% of nocturnal Fs] mean ± SD En/Ed

n Mean ± SD Range

MATa Quercus lancifolia 21.0 21 ± 14 80 0.23 ± 0.18 0.00–0.90

62.1 25 ± 18 70 0.21 ± 0.17 0.01–1.27

SECa Alchornea latifolia 9.8 6 ± 3 50 0.26 ± 0.14 0.02–0.74

Alnus jorullensis 18.3–18.5 5 ± 3 50 0.16 ± 0.16 0.00–1.49

YREFb Pinus patula 7.3–11.8 23 ± 6 154 0.30 ± 0.20 0.01–1.28

MREFb Pinus patula 20.4–28.7 21 ± 9 81 0.17 ± 0.19 0.00–1.16

32.3–35.0 22 ± 10 68 0.13 ± 0.17 0.00–1.07

44.5–50.0 21 ± 10 68 0.12 ± 0.15 0.01–1.02

55.8–61.0 20 ± 11 68 0.12 ± 0.21 0.00–1.28

n = number of days used to calculate En/Ed

a 2009/10 dry season; b2008/09 and 2009/10 dry seasons

Trees

123



Results

Micrometeorological and soil moisture conditions

The two dry seasons under study were characterized by a

frequent alternation of foggy and fog-free conditions

(Fig. 2 shows selected daily micrometeorological data

from La Cortadura for the 2009/10 dry season). Daily fog

occurrence fluctuated strongly, and often changed from

zero up to 100 % of the time in matter of a few days

(Fig. 2a). Fog-free periods typically lasted only a couple of

days (Fig. 2a). At La Cortadura, fog occurred for a total of

27 and 44 % of the time during the 2008/09 and 2009/10

dry seasons, respectively, and most frequently during the

afternoon and early nighttime hours (c.f. Alvarado-Barri-

entos et al. 2014). Very similar values and patterns of fog

occurrence were observed at Tierra Grande (data not

shown). At all sites, canopy wetness conditions were

almost exclusively associated with fog events with con-

curring rainfall (Alvarado-Barrientos et al. 2014; Gotsch

et al. 2013).

As a consequence of the alternating foggy and stable dry

weather conditions, there was a high day-to-day variation

in VPD (Fig. 2b). Interestingly, mean nighttime VPD was

occasionally higher than mean daytime VPD (Fig. 2b).

Mean nighttime VPD for the 2009/10 dry season was

0.4 ± 0.4 kPa (range 0–1.6 kPa) at La Cortadura and

0.3 ± 0.3 kPa (range 0–1.3 kPa) at Tierra Grande. Despite

fog occurring most frequently during the afternoon and

early nighttime hours, 15 and 16 % of the nighttime hours

at La Cortadura and Tierra Grande had VPD val-

ues [1 kPa, respectively.

Fog occurrence was usually accompanied by rainfall

and/or drizzle (P; Fig. 2c). Total P for the 2008/09 and

2009/10 dry seasons was 430 and 752 mm, respectively, at

La Cortadura, while corresponding values at Tierra Grande

were somewhat lower (333 and 644 mm, respectively).

At all sites, soil volumetric water content (VWC)

remained high throughout both dry seasons (Fig. 2c).

Corresponding mean daily VWC in the upper 50 cm of soil

was 58 ± 6 % (range 43–69 %) for the MAT, 50 ± 3 %

(range 43–64 %) for the SEC, 63 ± 8 % (range 42–78 %)

for YREF, 58 ± 5 % (range 44–71 %) for MREF1, and

51 ± 6 % (range 41–67 %) for MREF2. The lowest values

of daily VWC (41–44 %) were recorded by the end of the

longest rainless period during our study, lasting 18 days

(22 April–9 May 2009). In contrast, the longest rainless

period during the 2009/10 dry season lasted only 9 days

(6–14 December 2009). By the end of this period, mean

daily VWC did not fall below 40 % at any of the sites.

The proportion of refilling stem storage to nocturnal Fs

Representative examples of the periods selected for quan-

tifying the proportion of refilling to nocturnal Fs are pre-

sented in Fig. 3. In nearly all cases, clear days were

followed by only a few hours with near-zero VPD directly

after sunset, and VPD typically increased again later in the

Fig. 2 Daily micrometeorological and soil moisture conditions

during the 2009/10 dry season at La Cortadura (2,128 m a.s.l.),

central Veracruz, Mexico. Similar patterns were observed at Tierra

Grande (2,400 m a.s.l.). a Fog occurrence (% of time). b Daily and

nighttime mean atmospheric vapor pressure deficit (VPD). c Rainfall

(P; bars) and mean volumetric water content (VWC; solid lines).

VWC shown is the average of measurements at depths \50 cm
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night. As a consequence, the decline in Fs after sunset was

typically followed by an increase in response to increasing

VPD (Fig. 3).

The exponential decay functions fitted to the observa-

tions indicate that for all species examined, refilling typi-

cally diminished to zero around midnight (Fig. 3). Of the

Fs observed at 0:00, only 12 ± 14 % on average was

estimated to be attributable to refilling. On the basis of this

result, all Fs occurring after midnight was assumed to be

equal to nocturnal water loss. The proportion of nocturnal

Fs attributable to refilling was similar for both individuals

of Q. lancifolia, regardless of their difference in stem

diameter. A similar result was obtained for P. patula (CV:

9 %). The smallest percentage of refilling was found for

SEC trees (Table 2).

The ratio of nighttime to daily transpiration (En/Ed)

All species examined showed a high day-to-day variation

in En and Ed (Table 2 and Supplemental Information).

Young P. patula trees (YREF) presented the highest

average En/Ed ratio (0.30), which was about twice the value

obtained for MREF trees (0.14 on average; Table 2).

Almost equal ratios were obtained for the two individuals

of Q. lancifolia, despite their difference in size. Values of

En/Ed higher than unity occurred when daylight hours were

foggy (oftentimes with negative rates, albeit small), while

nighttime hours were clear and dry, resulting in a higher

cumulative amount for the night than for the 24-h period.

These instances were not common, however, and restricted

to the lower range of En and Ed values (Supplemental

Fig. 3 Examples of the forecast approach used to determine the

percent of nocturnal sap flow (Fs) attributable to refilling. Shown are

hourly values of vapor pressure deficit (VPD), solar radiation (Rs) and

Fs. between 17:00 and 7:00 h. Nighttime is the period between dashed

thick vertical lines (Rs \ 7 W m-2). Refilling is the shaded propor-

tion of nocturnal Fs. a Quercus lancifolia; smaller tree presented

similar patterns (data not shown). b Alchornea latifolia. c Alnus

jorulensis (\20 cm, n = 2). d Pinus patula (\20 cm, n = 8). e P.

patula (20–30 cm, n = 3). f P. patula ([50 cm, n = 2). P. patula

trees not shown (31–40 and 41–50 cm) presented similar patterns as

in (e) and (f)
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Information). The change in average En/Ed ratios is \10 %

when the 24-h period to compute Ed is taken from sunrise

of a particular calendar day to sunrise of the next and En is

calculated by summing Fs over the period between sunset

and sunrise.

Effects of preceding fog on En

It was not uncommon to observe sudden and large

increases in VPD and temperature (not shown) following

the dissipation of afternoon or nighttime fog at the present

study sites. For example, after a fog event with concurring

rainfall that lasted 9 h at La Cortadura (noon to 20:00 on

March 26, 2010), VPD increased sharply from near zero to

around 1 kPa in the following 3 h (Fig. 4a). Along with

this increase in VPD, Fs in Q. lancifolia increased from

almost zero to slightly over 4 L h-1, indicating the

occurrence of En (Fig. 4a). Similarly, after a fog-only event

that lasted 8 h (15:00–22:00 on January 14, 2010), VPD

increased from near zero to around 1 kPa throughout the

rest of the night with concurring increases in Fs for young

P. patula trees (Fig. 4d). In general, all species showed

increases in nocturnal Fs following the dissipation of fog.

For all species examined, En was more variable for

‘clear-after-fog’ than for ‘clear’ nights (Figs. 4, 5). More-

over, it was not uncommon that En was higher when

Fig. 4 Examples of whole-tree sap flow (Fs) and concurring incom-

ing solar radiation (Rs), vapor pressure deficit (VPD), precipitation

(P), fog events (gray-shaded areas), and canopy wetness (think

horizontal bars on top x-axis). Light-gray boxes with bold letters

indicate nighttime hours used for hypothesis testing: C-a-F clear-

after-fog, C clear, and F foggy. a Quercus lancifolia

(DBH = 62.1 cm) on March 26-April 1, 2010. b Alchornea latifolia

(DBH = 9.8 cm) on March 9–15, 2010. c Alnus jorullensis

(DBH \ 20 cm) on April 24–30, 2010. d Young Pinus patula

(DBH \ 20 cm) on January 14–20, 2010
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preceded by fog as compared to when preceded by clear

conditions, even if values of VPD were sometimes lower in

the former case. An example of this for A. jorullensis can

be seen in Fig. 4c (April 24–26).

En was correlated to VPD for both ‘clear’ and ‘clear-

after-fog’ nights and the fit between the proposed model

(see ‘‘Statistical analyses’’) and the data was generally

reasonable (r2 ranged from 0.18 to 0.64; Fig. 5). The var-

iability of En was largely attributed to the variability in

nighttime VPD. More importantly, the previous observa-

tion that En was oftentimes higher under ‘clear-after-fog’

night conditions as compared to ‘clear’ conditions was

confirmed by consistently higher rate of increase (i.e.

-k coefficient of the fitted curves) for the ‘clear-after-fog’

Fig. 5 Relationship between hourly nighttime transpiration (En = Fs

from midnight to 5:00) and atmospheric vapor pressure deficit (VPD)

separated by night category (foggy, clear and clear-after-fog) for:

a and b Quercus lancifolia (MAT); c Alchornea latifolia and d Alnus

jorullensis (both SEC); and e Pinus patula (YREF). Number of nights

used per night category are included in the legend; each data point

represents hourly values (6 h per sample night)
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class (Fig. 5; Table 3). The upper limits for En were gen-

erally not different among night categories (i.e. overlap-

ping 95 % CI for c coefficient), with the only exception

being for A. latifolia (Table 3).

Discussion

For all species examined, observed sap flow during the

night was largely a separate phenomenon from refilling

stem storage. There were many instances when Fs

increased in the dark, coinciding with increasing VPD,

after having declined at sunset and maintained steadily low

for the first hours of the night. These observations are

comparable to those found by others (e.g. Dawson et al.

2007; Fisher et al. 2007; Zeppel et al. 2010) adding to the

mounting evidence contradicting the paradigm that noc-

turnal Fs is mainly associated with stem refilling (Caird

et al. 2007). The resulting refilling as percentage of total

nocturnal Fs for the TMCF environment studied is lower

than what has been previously reported for other montane

tree species. For example, \31 % was reported for Euca-

lyptus parramattensis (DBH of 11.0–17.5 cm) from a

temperate woodland in Australia (Zeppel et al. 2010), and

40–70 % for Pinus ponderosa (DBH of 18–24 cm) in

Sierra Nevada Mountains, California (Fisher et al. 2007).

Interestingly, refilling resulted similar for individuals of the

same species but different sizes, such as for P. patula and

Q. lancifolia (although sample size for the latter was rather

small). This result contradicts the idea presented by Phillips

and colleagues that the proportion of nocturnal Fs used for

refilling stem storage increases with tree size (see Phillips

et al. 2003).

The time at which the forecasted refilling curve

approached zero flow presented here (around 01:00) is in

agreement to what Zeppel et al. (2010) reported using a

more robust approach to estimate refilling (i.e. measuring

sap flow at two heights in the stem). These authors stated

that a conservative estimate of the start of En was 23:00.

Therefore, Fs after midnight may be assumed to be mostly

due to nocturnal water loss from the canopy, giving con-

fidence in the presented estimates of En.

Soil water content remained relatively high across all

soil layers and sites, even during the driest periods in this

nonetheless seasonal environment, due to frequent dry-

season fog events accompanied by rainfall and drizzle and

high water retention properties of volcanic soils (Geissert

et al. 2012). The apparent unlimited soil water availability

at our site is another plausible explanation for the relatively

low nocturnal refilling stem storage we found compared to

what has been reported for other montane sites discussed

above. It remains to be examined experimentally whether

substantial reductions in dry-season rainfall and cloud

water inputs, such as projected under drier future climate

(Karmalkar et al. 2011), would decrease En (and increase

refilling as % of nocturnal Fs) in this seasonal TMCF

environment.

The En/Ed ratios observed are around the high-end of

previously reported average or maximum ratios for other

montane tree species. For instance, an average ratio of 0.05

was reported for Myrica faya and Erica arborea in the

cloud belt of the Canary Islands (Garcı́a-Santos 2012), 0.04

for Metrosideros polymorpha in a cloud forest in Hawai’i

(Gotsch et al. 2014), a maximum of 0.18 for the same

species in a Hawai’ian tropical montane forest (Dawson

et al. 2007), an average of 0.20 for Pinus ponderosa in the

Sierra Nevada Mountains (Fisher et al. 2007), and up to

0.50 for Drimys granadensis in a Costa Rican cloud forest

(Field and Holbrook 2000). It must be noted however, that

as pointed out by Zeppel et al. (2010), the definition of

‘nighttime’ differs from study to study: using a threshold of

Rs (e.g. this study; Daley and Phillips 2006) or starting

around midnight (e.g. Zeppel et al. 2010; Benyon 1999).

Moreover, we found large variability in En/Ed for all

species examined, which was related to (oftentimes rap-

idly) alternating of contrasting atmospheric conditions:

foggy and dry. These alternating conditions were in

accordance with the typical dry-season weather systems in

the area: high atmospheric pressure systems (i.e. no or very

little fog occurrence) and cold front intrusions (i.e. long-

duration fog events often accompanied by rainfall or

drizzle). Even though most fog events occurred in the

afternoon and early nighttime (Alvarado-Barrientos et al.

2014), nights with high VPD were relatively common and

Table 3 Coefficients (and

95 % CI) of fitted curves with

the form En = c (1-e-k VPD)

for two night classes: clear and

clear-after-fog (see Fig. 6)

a Coefficient 95 % CI does not

overlap between night classes

Species (DBH) c -k

Clear Clear-after-fog clear Clear-after-fog

Q. lancifolia (62.1 cm) 2.76 (2.52–2.99) 2.86 (2.58–3.14) 2.32 (1.58–3.05) 3.05 (2.07–4.02)a

Q. lancifolia (21.0 cm) 0.22 (0.19–0.25) 0.21 (0.17–0.24) 1.17 (0.84–1.51) 1.83 (1.18–2.49)a

A. latifolia (9.8 cm) 0.12 (0.08–0.16) 0.07 (0.06–0.08)a 0.67 (0.33–1.01) 3.03 (2.04–4.02)a

A. jorullensis (\20 cm) 0.21 (0.16–0.27) 0.20 (0.16–0.24) 0.98 (0.53–1.42) 2.43 (1.05–3.80)a

P. patula (\20 cm) 0.10 (0.09–0.11) 0.10 (0.09–0.11) 1.53 (1.17–1.88) 3.66 (2.51–4.81)a
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occurred primarily during conditions of high pressure fol-

lowing cold front passage. The often sharp increases in

VPD and temperature observed during such nights also

suggest that an inversion layer descended below our study

sites (Hubbart et al. 2007). Similar patterns of sharp

increases in Fs and VPD during nighttime have been

reported for other montane tropical forests (Fig. 2 in

McJannet et al. 2007); such response to VPD suggests poor

stomatal control of transpiration when soil water content is

high.

There were instances in which the model used to

describe the relationship between En and VPD for different

night categories (i.e. the increasing form of exponential

decay) did not fit the data well; for example, r2 = 18 for

Alnus jorullensis ‘clear-after-fog’ (Fig. 5d). Even though it

did not provided the best fit to hourly En per night category

and corresponding values of VPD in all cases, the model

used was chosen because for the majority of cases it fitted

the data fairly well. Moreover, this model was selected

because it provided a straightforward method to test whe-

ther the rate of increase (-k) and/or the upper limit of En

(c) in relation to increases in nocturnal VPD differed sig-

nificantly between ‘clear’ and ‘clear-after-fog’ nights. Such

analysis would have not been possible if different models

were used to fit every dataset looking to increase r2.

Regardless of the goodness-of-fit of the model used here to

describe the relationship between VPD and En, it can be

concluded that in the absence of solar radiation VPD lar-

gely controls nocturnal water loss at the study area. This is

in agreement with what has been previously found in other

sites (Dawson et al. 2007; Moore et al. 2008; Zeppel et al.

2011; Wallace and McJannet 2010).

Leaf wetness data indicated that the forest canopies

remained largely dry during the majority of fog-only

events. However, it cannot be entirely excluded that the

canopy was partially wet even though the sensors indicated

dry canopy conditions because the actual wetting (and

drying) of the canopy across sites (and species) was not

experimentally verified. Also, the number of leaf wetness

sensors deployed at each site should probably have been

higher to better capture the variability within the canopy.

The low number of leaf wetness sensors may have caused

misclassification of dry canopy conditions for some hours

and produce unexplained variability in the relationship

between En and VPD for each night category used (Fig. 5),

particularly in the case of ‘clear-after-fog’ conditions.

Despite this uncertainty, we conducted frequent visual

observations of the wetness status of the canopy and sen-

sors that lead us to conclude that it is unlikely that stomatal

gas exchange was largely blocked by a full wetting of leaf

surfaces across species with water deposited after the

passage of fog-only events. The fact that the canopy could

have been partially wet in these instances keeps open the

possibility for some foliar water uptake (Burgess and

Dawson 2004; Goldsmith 2013; Gotsch et al. 2013). Even

though sap flow measurements at the canopy level of

Q. lancifolia at MAT revealed the importance of foliar

uptake, this occurred mostly after long ([8 h) fog events

with concurring rainfall (Gotsch et al. 2013), and at the

stem level, we only found slightly negative (near-zero) Fs

rates across species. Increased stomatal conductance due to

foggy conditions has been reported previously for other

species in cloud-affected environments (Chu et al. 2012;

Johnson and Smith 2008; Reinhardt and Smith 2008). Our

data suggest that stomatal conductance might have been

enhanced under the humid conditions associated with fog-

only events, rather than largely blocked by fog and rain

water deposition on leaf surfaces, thus enhancing En as

soon as the canopy dried out. We consider that the canopy

across sites dries out rapidly under the very dry conditions

following fog occurrence. Consequently, the dry conditions

after fog resulted in higher En as compared to similar dry

nights (i.e. with similar VPD) not preceded by fog as

shown here.

Low soil nutrient availability combined with no water

limitation at the sites suggests a nutrient uptake benefit for

relatively high En in the study area. Soil profiles have very

low nutrient availability as indicated by low pH, low

effective cation exchange capacity, low base saturation and

very high phosphate retention (‘‘Appendix 1’’). Moreover,

relatively high C/N ratios suggest low to moderate miner-

alization rates of organic matter, which in turn, indicate

low soil N availability (‘‘Appendix 1’’). Furthermore, rapid

vertical drainage associated to the high rainfall infiltration

rates and hydraulic conductivities (Marı́n-Castro 2010)

along with the high precipitation amounts prevailing during

the wet season in this tropical montane environment, pro-

motes nutrient leaching, declining pH, and consequently,

soil nutrient impoverishment. Therefore, the nutrient

uptake benefit for high En rates across dominant species in

the study area is compelling. However, it yet remains to be

examined whether there is a significant gain in nutrient

uptake as a consequence of observed high En rates. For

example, Resco de Dios et al. (2013) showed that despite

higher En under a low phosphorous treatment, only a rel-

atively small gain in phosphorous mass flow was accom-

plished by nocturnal water loss (3–6 % of daytime mass

flow).
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Appendix 1: Physical and chemical soil properties

At each site, soil samples for laboratory determination of

soil physical and chemical properties were collected from

different horizons along *1.5 m soil profiles. All labora-

tory analyses were performed at the Soil Laboratory of the

Instituto de Ecologı́a A.C., Xalapa, Veracruz. Soil bulk

density (BD) was determined from undisturbed samples

(three replicates) collected at each site and depth with

stainless steel rings of 100 cm3. The samples were weighed

and oven-dried at 105 �C for 24 h. Soil porosity (POR) was

derived from BD and particle density. Particle-size distri-

bution was determined with a combined sieve and pipette

method, after removal of organic matter with hydrogen

peroxide and dispersion with sodium hexametaphosphate

(Van Reeuwijk 2002).

For chemical analysis, air-dried soil samples (three

replicates) were sieved using 2-mm screens. Total organic

carbon (C) and total nitrogen (N) were measured using a

TruSpec dry combustion CN analyzer (LECO, USA).

Extractable phosphorus (P) was determined by the Bray I

method (Bray and Kurtz 1945) and phosphate retention

(Pret) was measured following the procedure of Blakemore

et al. (1987). Soil cation exchange capacity (CEC) was

Table 4 Selected soil properties of the study sites and depths at which soil volumetric water content (VWC) was measured

Site Depth [cm] Horizon VWC depth [cm] pH (H2O) C [%] N [%] C/N CEC [cmolc kg-1] BS [%] Pret [%]

MATa 0 to 8 Ah 8 3.7 20.5 1.1 19.0 47.5 0.27 96

18 to 42 Bw 21, 35 3.7 20.0 1.0 19.7 51.9 0.19 97

42 to 70 C1 52 4.4 6.1 0.3 18.2 33.0 0.03 93

SECa 0 to 8 Ah1 9 3.0 28.6 1.7 17.2 51.3 2.13 72

8 to 46 Ah2 35 4.5 16.9 0.7 23.1 41.3 0.19 99

46 to 121 Ah3 101 5.1 8.0 0.4 20.7 20.1 0.00 99

121 to 148 Bw 140 5.3 3.0 0.2 12.2 17.7 0.06 97

148 to [165 C1 157 4.1 1.4 0.1 10.3 30.4 0.36 91

YREFa 0 to 8 Ah1 5 4.1 19.2 1.0 18.5 41.3 2.62 98

8 to 27 Ah2 19 4.0 18.4 0.8 21.9 33.7 1.36 82

27 to 53 Ah3 36 4.7 15.6 0.7 23.9 36.9 0.27 99

53 to 90 A3-Bw 70 5.0 15.5 0.7 23.7 39.8 0.23 99

90 to 107 Bw 123 4.8 11.8 0.5 23.8 33.3 0.03 99

[107 BwC – 4.9 9.8 0.4 22.5 28.3 0.00 99

MREF1b 0 to 18 A1 10 4.6 14.5 0.4 16.5 28.9 0.66 99

18 to 36 A2 35 5.2 10.8 0.5 12.9 28.4 0.25 99

36 to 67 A3-Bw 58 5.4 9.9 0.6 15.3 28.9 0.35 99

67 to 96 2A1 85 5.1 14.0 0.5 16.3 38.9 0.41 99

96 to [140 2Bw 115 5.3 7.6 0.5 18.0 21.6 0.23 99

MREF2b 0 to 62 A1 10, 25 5.0 10.1 0.7 15.2 29.6 0.30 99

62 to 75 2A1 40 5.0 9.1 0.5 18.7 24.3 0.00 99

75 to 100 2Bw 87 5.2 9.7 0.5 18.2 28.4 0.04 98

100 to 130 3A1 115 5.0 9.0 0.5 17.8 33.6 0.03 99

130 to [152 3Bw – 4.7 5.5 0.3 16.6 18.1 0.06 99

Superscript letters indicate soil type (IUSS Working Group WRB, 2006): (a) Aluandic Andosol Hyperdystric, and (b) Silandic Andosol

Hyperdystric. Topsoil refers to A horizons, and subsoil to all other horizons

C total organic carbon, N total nitrogen, CEC cation exchange capacity, BS base saturation, Pret phosphorous retention
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determined by the ammonium acetate pH7 method (Van

Reeuwijk 2002). Base saturation (BS, %) was calculated as

the portion of CEC that is occupied by exchangeable bases:

(Ca ? Mg ? K ? Na)/CEC. As recommended for soils

with variable charge (Shoji et al. 1993), the effective cation

exchange capacity (ECEC) was determined as the sum of

exchangeable bases and exchange acidity (Al ? H); the

latter was determined by 1.0 M KCl extraction (Van

Reeuwijk 2002).

The resulting chemical properties characterize the soil

across sites as nutrient-poor. Topsoil was very acidic (MAT

and SEC) or acidic (YREF and MREF), while deeper soil

layers were moderately acid (Appendix Table 4). Across

sites, organic carbon (C) and total nitrogen (N) content in

the topsoil was high typically decreasing sharply below a

depth of *50 cm (Appendix Table 4), but the mineraliza-

tion rate of N was moderate (as suggested by the relatively

high C/N ratios; Appendix Table 4), indicating low N

availability. Phosphate availability was also low as its

retention was generally very high along the soil profiles

(Appendix Table 4). Base saturation was generally very

low in the topsoil across sites, rapidly decreasing even more

with depth reaching\0.2 % (Appendix Table 4), indicating

low availability of macronutrients (i.e. potassium, calcium

and magnesium). Last, effective cation exchange capacity

was typically low in the topsoil (\7 cmolc kg-1 across

sites; data not shown) revealing the low capacity of the

soil’s solution to provide nutrients to plants.
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Geissert D, Gómez-Tagle A, Marı́n B, Castro A, Karlsen R, Holwerda

F, Tobón C (2012) Soil water dynamics of andosol soils in

Trees

123

http://dx.doi.org/10.1002/hyp.9662
http://dx.doi.org/10.1002/hyp.9662


tropical montane cloud forest in eastern Mexico. 2nd Interna-

tional Conference on Hydropedology, Leipzig, Germany

Giambelluca T, Gerold G (2011) Hydrology and biogeochemistry of

tropical montane cloud forests. In: Levia DF, Carlyle-Moses D,

Tanaka T (eds) Forest hydrology and biogeochemistry. Springer,

Netherlands, pp 221–259

Glickman TS (2000) Glossary of meteorology. American Meteoro-

logical Society, Boston, p 855

Goldsmith GR (2013) Changing directions: the atmosphere-plant-soil

continuum. New Phytol 199:4–6

Gotsch SG, Asbjornsen H, Holwerda F, Goldsmith GR, Weintraub

AE, Dawson TE (2013) Foggy days and dry nights determine

crown-level water balance in a seasonal tropical montane cloud

forest. Plant Cell Environ. doi:10.1111/pce.12151

Gotsch SG, Crausbay SD, Giambelluca TW, Weintraub AE, Long-

man RJ, Asbjornsen H, Hotchkiss SC, Dawson TE (2014) Water

relations and microclimate around the upper limit of a cloud

forest in Maui, Hawai‘i. Tree Physiol. doi:10.1093/treephys/

tpu050

Hatton TJ, Catchpole EA, Vertessy RA (1990) Integration of sapflow

velocity to estimate plant water-use. Tree Physiol 6:201–209

Hernández Hernández A. (2010) Relaciones alométricas entre albura
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