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Abstract: Drought conditions may have differential impacts on growth, transpiration, and water use
efficiency (WUE) in mixed species and monospecific planted forests. Understanding the resistance
(i.e., the capacity to maintain processes unchanged) of different tree species to drought, and how
resistance is affected by complementary interactions within species mixtures, is particularly important
in the seasonally dry tropics where projected increases in the frequency and severity of drought
threaten tree planting efforts and water resources. Complementary interactions between species may
lead to more resistant stands if complementarity leads to greater buffering capacity during drought.
We examined growth, transpiration, and WUE of mixtures and monocultures of Terminalia amazonia
(J.F. Gmel.) Exell and Dalbergia retusa Hemsl. before and during a prolonged drought using intensive
measurements of tree sap flow and growth. Tree sapwood area growth was highest for T. amazonia
in mixtures during normal (6.78 ± 4.08 mm2 yr−1 ) and drought (7.12 ± 4.85 mm2 yr−1 ) conditions
compared to the other treatments. However, stand sapwood area growth was greatest for T. amazonia
monocultures, followed by mixtures, and finally, D. retusa monocultures. There was a significant
decrease in stand transpiration during drought for both mixtures and T. amazonia monocultures,
while Dalbergia retusa monocultures were most water use efficient at both the tree and stand level.
Treatments showed different levels of resistance to drought, with D. retusa monocultures being
the most resistant, with non-significant changes of growth and transpiration before and during
drought. Combining species with complementary traits and avoiding combinations where one
species dominates the other, may maximize complementary interactions and reduce competitive
interactions, leading to greater resistance to drought conditions.
Keywords: Agua Salud; complementarity; drought; El Niño; planted forests; productivity; transpiration

1. Introduction
High global rates of tropical deforestation are being countered by the establishment of new
forested areas through tree planting [1], which provides an opportunity to restore many critical
ecosystem services [2,3]. Tree planting is an increasingly popular approach for restoring degraded
landscapes where natural regeneration processes may be slow or arrested [4]. Because different tree
species—and their combinations—can have different impacts on hydrological and biogeochemical
cycles, careful selection and combining of appropriate species is crucial in order to return land to
productivity. An argument often used to promote mixed species systems is that they are more
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productive than monocultures [5,6]. However, fast growing tree species generally use more water
than slower growing tree species [7,8], which affects water availability for downstream users if soil
water recharge or stream water inputs are reduced [9,10]. Moreover, plantations with fast growing
tree species that allocate to aboveground biomass over belowground biomass may be less resilient to
severe drought [11].
Understanding how species interactions and planting design (i.e., mixtures vs. monocultures)
impact tradeoffs of productivity, transpiration, and water use efficiency is critical to managing
plantations to effectively achieve restoration goals. Throughfall manipulation experiments are
becoming a common way of testing hypotheses related to tree responses during drought [12]. While
these experiments are important, and can simulate soil moisture stress resulting from less rainfall,
a common criticism of this approach is the inability to reproduce the forecasted changes in vapor
pressure deficit (VPD) and radiation, both of which have been shown to differ from normal conditions
during severe droughts [12]. Since VPD and radiation have direct effects on tree water use [13–15] and
because dynamics of radiation and VPD change throughout a drought year, studies of tree drought
responses need to take advantage of non-manipulative droughts where meteorological conditions are
changing in addition to soil moisture and precipitation changes.
While model predictions are increasingly more confident of climate change-induced decreases in
rainfall and soil moisture and increases in VPD and radiation throughout much of the tropics, how trees
will respond to future climate conditions in terms of growth, transpiration, and water use efficiency
(WUE) has become more uncertain [16]. Filling this knowledge gap is critical to improving model
parameterization and forecasting of ecosystem wide responses to climate change and the resulting
complex vegetation-soil-atmosphere feedbacks. In particular, a greater emphasis on whether trees
will remain unchanged (i.e., resistant) during drought or whether productivity will be positively or
negatively affected is crucial for predicting forest composition changes and species survival over
time [17]. Resistance is often categorized into two groups, avoiders and endurers, whereby avoiders
evade drought-induced hydraulic failure via stomatal closure and endurers tolerate drought by
allowing midday water potential to decline as soil water potential declines, allowing them to continue
using water and assimilating CO2 but risking their hydraulic system [17].
The functional diversity hypothesis, which posits that interactions among trees with
complementary functional traits can increase uptake, resource use efficiency, and stand
productivity [18], has been broadly supported and used to promote mixed species plantings. Following
this theory, species diversity should be positively correlated with ecosystem resistance—the ability
to remain unchanged when disturbed [19]. However, the resistance of mixtures to disturbance and
extreme events, such as drought, is poorly understood [20]. Even though some studies show enhanced
resistance in mixed planted forests [21,22], other studies have found contradictory results [23]. While
Pretzsch et al. [20] and Lebourgeois et al. [24] demonstrated that mixtures had greater stem increment
growth during drought (while monocultures remained unchanged (i.e., resistant)), it is unclear whether
this trend is applicable for a variety of mixed plantings. However, greater productivity in mixtures from
complementary interactions during normal years may be outweighed by competition (e.g., for water)
during drought years for combinations where species are in direct competition for resources. In contrast,
competition for water may be reduced in mixtures where complementary interactions lead to niche
partitioning, either via spatial differences in rooting depth [25] or temporal differences in the timing
of water uptake (e.g., a deciduous and evergreen species). Greater productivity in species mixtures
with complementary resource use may lead to increased stand transpiration [26] and reduced water
supply [9], unless the combination of species also allows for improved WUE.
Various factors may result in higher WUE in mixtures. For example, increases in WUE observed
in mixtures of Eucalpytus globulus Labill. and Acacia mearnsii de Wildeman compared to their respective
monocultures was attributed to physiological adjustments, as well as increases in biomass, leaf area,
sapwood area, and root stratification [21]. Additionally, combining species with lateral roots and
deeper roots could result in complementary water use and thus increased productivity for the same
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amount of precipitation in mixtures compared to monocultures, and possibly lead to increased WUE
at both the tree and stand levels (also referred to as “overyielding”, sensu [27]).
Complementary relationships may become stronger during stressful conditions, like drought,
based on the stress-gradient hypothesis, which predicts that as conditions become harsher, facilitation
will increase and competition will decrease [28]. The stress-gradient hypothesis has since been extended
to a temporal stress gradient in which species diversity is suggested to also confer greater resistance
to stress caused by extreme climate events, such as drought [20]. While ample evidence supports
this hypothesis in forest ecosystems [29,30], understanding of the role of diversity in enhancing the
resistance of planted forests to drought is much less conclusive, often contradictory, and primarily
based on observational studies using retrospective analysis of tree rings in naturally regenerated
temperate forests [20,24]. Overall, previous work suggests that more productive mixtures may use more
water during normal years and have a longer period of greater water use during drought years due to
greater water availability via heterogeneous root systems [31], up until some threshold when water
is no longer available. Beyond this threshold, trees may be more vulnerable to damage. Interactions
between species (e.g., facilitation through N-fixation) could also lead to increased WUE during drought,
whereby the amount of carbon gained per amount of water lost is greater in mixtures [21], if the
stress-gradient hypothesis holds. It has been suggested, however, that in some cases, differences in
productivity between mixtures and monocultures may be related to the selection of species rather than
absolute species richness, whereby mixtures having a single dominant species would result in strong
competitive interactions that outweigh complementary interactions [32], preventing overyielding in
some mixtures [33]. This could hold true for other ecological processes associated with productivity,
such as transpiration, underlying the importance of teasing out specific species interactions and the
effect drought might have on these interactions.
We conducted a study in tree plantations established to restore degraded lands in Panama in order
to explore the role of complementarity in mediating trade-offs between productivity and resource
use in species mixtures. We selected two species—Terminalia amazonia and Dalbergia retusa—for their
contrasting functional traits that we hypothesized would lead to complementary interactions that
increase growth and transpiration in mixtures. In addition to having different rooting depths, D. retusa
is dry season semi-deciduous which allows for greater water availability at the stand level during the
driest part of the year. Further, D. retusa is a known nitrogen fixer that has been shown to be fixing
in the study plantation [34], which may increase the availability of limiting nutrients to T. amazonia,
thereby increasing WUE via increases of foliar N and, hence, photosynthetic capacity.
In addition to the plantation treatments, the occurrence of an El Niño Southern Oscillation (ENSO)
event in 2015/2016 provided a unique opportunity to study the drought response of young mixed
and monospecific planted forests in terms of growth, transpiration, and WUE. We hypothesized that
(1) complementary interactions in mixed stands would lead to higher growth and transpiration under
non-drought conditions and higher WUE if facilitative interactions of D. retusa enhances growth of
T. amazonia, (2) drought would have a greater negative effect on monocultures than mixtures in terms
of growth and transpiration due to reduced buffering capacity in monocultures compared to mixtures,
and (3) drought would increase WUE in mixtures more than monocultures.
2. Materials and Methods
2.1. Site Descriptions
The study was conducted in the Agua Salud Project site within the Panama Canal Watershed
N, 79◦ 470 W, 330 m amsl). Our work focused on the 75 hectare (ha) native species planted forest
plots that were established in 2008 in two separate blocks 3 km distant from each other. Although
the plantation has a total of 21 treatments [33], this study focused on 3 treatments—monocultures
of Dalbergia retusa, monocultures of Terminalia amazonia, and two-species mixtures of D. retusa and
T. amazonia. These treatments were selected primarily because D. retusa and T. amazonia have contrasting
(9◦ 130
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functional traits related to water, nutrient, and light acquisition that would enable us to test our
hypotheses regarding complementary interactions (Table 1). Additionally, sap flow measurements
are costly and labor intensive, which constrained our study design and required us to prioritize the
three treatments that would best enable us to test our hypotheses and make broader generalizations
related to growth, water use, and WUE of monocultures and mixed plantings. Prior to establishment,
the land was cleared of forest in the 1970s with the predominant land use being cattle grazing [35].
The topography is characterized by short and steep slopes [36] and the soils are silt clay to clay with
pH values of 4.67 ± 0.27 (in CaCl2 ) and 5.8 ± 0.23 (in H2 O) [37]. Mean daily maximum and minimum
temperatures are 32 and 23 ◦ C, respectively (http://striweb.si.edu/esp/physical_monitoring/descrip_
bci.htm).
Table 1. Functional traits of Terminalia amazonia and Dalbergia retusa related to growth, transpiration,
and water use efficiency.
Species

Crown
Phenology

Dalbergia retusa
Terminalia amazonia

Semi-deciduous
Evergreen
a

a

b

Nutrient
Cycling

Root Morphology

Water Use
Efficiency

Nitrogen-fixer
-

Lateral roots
Lateral & deep roots

High
Low

c

Drought
Strategy

Endures & avoids
Endures

Batterman et al. [34]; b Cernusak et al. [38]; c Craven et al. [39].

Plots of monocultures of D. retusa (n = 12), monocultures of T. amazonia (n = 11), and mixtures of
both species (n = 13) were randomly distributed across two blocks. Within each plot, trees were planted
in 42 × 36.5 m plots of 15 × 15 individuals. Measurements were taken in the core plot comprised
of 9 × 9 trees (27 × 23.4 m). Mixtures were established in a spatially explicit design that isolated
interactions between individual trees of different species, whereby trees of D. retusa were completely
surrounded by trees of T. amazonia in a hexagon configuration and vice versa (Figure 1). Trees planted
within the same row have 3 m spacing, while trees between rows have 2.6 m spacing. This novel
planting design enabled us to test interactions between two species (for more details, see [33]). Since
tree establishment in 2008, four yearly understory cleanings occurred from May through August to
prevent additional competition with the planted trees. At the beginning of the present study, the trees
were 6 years old.

Figure 1. Spatial planting pattern of the two target species combinations, including trees of both species
with heterospecific neighbors, indicated by the points within solid lines. Monoculture plots with each
species not shown. Each plot consists of 15 × 15 trees (42 × 36.5 m), and includes a buffer zone of three
rows around a core plot of 9 × 9 trees (27 × 23.4 m; central rectangle).
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2.2. Sampling Design
The sampling was designed to estimate water use and growth and physiological responses of
monocultures and mixtures of D. retusa and T. amazonia. Between June and August of 2014, 2015, and
2016, the diameter at breast height (DBH, cm, measured 1.3 m above ground) of all trees (n = 2916)
within the core of the study plots were measured (hereafter referred to as planted trees).
In February 2014, we established subplots within a subset of the monocultures and mixtures to
measure sap flow in selected trees (hereafter referred to as sap flow trees) (Table 2). We selected seven
subplots for the study, two within monocultures of D. retusa, two within monocultures of T. amazonia,
and three within mixtures distributed across the two study blocks, that best represented the mean
DBH across all plots. In June 2014, we added a fourth subplot in the mixtures. Within monoculture
and mixture plots, we selected 8 trees per plot for sap flow measurements based on the following
criterion: (1) The trees had to be of DBH similar to plot mean DBH; (2) The trees had to be interacting
aboveground, without one tree overtopping a neighboring tree; (3) For each plot, all eight trees had
to be within a 10-m radius of each other so the sap flow cables could connect to them. Within the
mixtures, we added a fourth criteria: (4) Trees had to be either one of the center or surrounding trees.
For example, each mixture had sap flow sensors installed in one center T. amazonia and 3 of the 6
surrounding D. retusa in that hexagon group, and vice versa. We visited each site at least twice a week
to download data, check sensors, and replace broken sensors. We changed the battery of each station at
least once a week. A total of 64 sap flow trees were measured; however, 40 trees were used for analyses
due to sensor errors and biotic factors, including mortality due to canopy wind damage (1 tree) or
sensor malfunction due to ant attacks (4 trees) or thermocouple erosion from humidity (9 trees). If these
sensor errors resulted in 20% of the data missing during the two-year sampling period, we excluded
the tree from the analyses.
Table 2. Sapwood area growth (mm2 day−1 ), transpiration (ET ; L day−1 ), and water use efficiency
(WUE; mm2 L−1 ) for Terminalia amazonia and Dalbergia retusa planted in monocultures and mixtures
during a “Normal” year and “Drought” year. Letters represent significant differences by treatment
(T. amazonia monocultures, T. amazonia mixtures, D. retusa monocultures, and D. retusa mixtures) and
asterisks represent significant differences between water years (p < 0.05). Numbers in parenthesis are
the standard deviations of the means.
T. amazonia

Normal
Sapwood area growth
(mm2 day−1 )
ET (L day−1 )
WUE (mm2 L−1 )

4.12 (2.12)

Drought
b
a

6.86 (3.94)
0.90 (0.92) a

3.87 (3.52)

D. retusa

Mixture
T. amazonia

Monoculture

Normal
b
a

5.33 (3.42)
1.05 (1.18) a

6.78 (4.08)

D. retusa

Drought
a
a

6.29 (3.66)
1.26 (0.93) a

7.12 (4.85)

Normal
a

a,*

4.61 (3.56)
1.88 (1.31) a,*

1.09 (1.59)

Monoculture

Drought
c
b

0.94 (0.50)
1.32 (2.09) b

0.19 (0.25)

Normal

c,*
b

0.65 (0.29)
0.23 (0.31) b

2.20 (2.15)

Drought
bc

2.82 (2.99) bc

b

1.28 (1.09) b
2.85 (2.93) b

1.45 (1.22)
1.78 (1.28) b

We analyzed data from 15 May 2014 through 15 May 2016. Tree-level biomass and water use
estimates were based on data obtained from individual sap flow trees. Stand-level measurements were
scaled using plot inventories [33]. The relationship between DBH and sapwood area for each treatment
was analyzed following Hernandez-Santana et al. [40]. Briefly, we measured the DBH of 40 trees across
the plantation (20 D. retusa and 20 T. amazonia) and took a core from each measured tree to calculate
the amount of sapwood area and heartwood. Selected trees for coring represented the range of DBH
across the plantation for both species and included trees larger and smaller than the range found in
the plantation. Selected cores were taken from the sites in which we had sap flow sensors installed,
but not from trees with sensors actively measuring sap flow. We did not find heartwood for the range
of DBH sampled and thus could directly relate DBH to sapwood area. We assigned water use values
to each tree in the full inventory based on DBH using treatment derived equations for each species
and treatment:
D. retusa monocultures: y = 0.06277x − 0.1571 (R2 = 0.58, p = 0.009)

(1)
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D. retusa mixtures, y = 0.12571x − 0.44432 (R2 = 0.54, p = 0.02)

(2)

T. amazonia monocultures: y = 0.15489x − 1.01002 (R2 = 0.58, p = 0.001)

(3)

T. amazonia mixtures: y = 0.11819x − 0.51214 (R2 = 0.50, p = 0.009)

(4)

where y is tree transpiration (E) and x is DBH. These equations predict the daily water use in liters for
individual trees by species and treatment.
2.3. Micrometeorogical and Soil Moisture Data
Two distinct meteorological (MET) stations located within the Agua Salud Project study area
collected local climate data for the 2014–2016 study period. From May 2014 through January 2015,
MET data were collected from a tower managed by the Autoridad del Canal de Panamá (Meteorology
and Hydrology Branch, Panama Canal Authority, Republic of Panama), while data after February 2015
were collected from a tower managed by the Smithsonian Tropical Research Institute. Climate data
from the towers included air temperature (◦ C) and relative humidity (RH, %) using an HMP60 (Vaisala,
Vantaa, Finland), and precipitation (mm) using a 260-250-A tipping bucket (NovaLynx, CA, USA).
Vapor pressure deficit (VPD, kPA) was calculated from the air temperature and RH data (see [41]).
Small gaps in the dataset exist due to either sensor malfunction (<1 week) or during the renovation of
the tower and update of the sensors (~1 month).
The start and end dates of the wet and dry seasons can be found in Table S1 based on Panama
Canal Authority indicator variables (Meteorology and Hydrology Branch, Panama Canal Authority,
Republic of Panama). Generally, about 80% of the average annual precipitation falls between May and
mid-December. An El Niño-Southern Oscillation (ENSO) event, which resulted in the third longest dry
season on record (100 years) in Panama started toward the end of this study’s sampling period in June
2015 [42] and resulted in about 55% of the precipitation of a normal year.
For the purpose of this study, we divided the sampling period into two years. A normal year
(i.e., normal precipitation year) was determined to include dates between 15 May 2014 through 15 May
2015 while a drought year (i.e., during the ENSO event) was determined to include dates between May
16, 2015 and 15 May 2016. For the remainder of the paper, we will refer to years as “water years” that
include a “Normal” and “Drought” years.
2.4. Basal Area Growth and Biomass Measurements
Individual tree sapwood area (equivalent to basal area in our study) growth was calculated by
subtracting the individual tree sapwood area (SA) in 2014 from the SA in 2015 for the normal year and
subtracting SA in 2015 from the SA in 2016 for the drought year. We scaled sapwood area growth to
stand growth for all treatment plots. Individual tree aboveground biomass (AGB, kg) was estimated
using species-specific allometric equations based on excavation data from a nearby site ([43]; also
see [44]) for the entire plantation (including sap flow trees). We estimated AGB for D. retusa using
the equation:


AGB = 2.400× log(DBH) − 1.299 R2 = 0.84, RMSE = 0.59

(5)

We estimated AGB of T. amazonia using the equation:


AGB = 1.735× log(DBH) − 0.262 R2 = 0.74, RMSE = 0.35

(6)

Stand-level estimates of AGB were calculated for each plot and then converted to kg m−2 .
Aboveground stand and tree biomass growth was calculated as the difference in AGB between
the 2015 and 2014 inventories (for the normal year) and the difference between 2016 and 2015 (for the
drought year). These metrics were compared to sapwood area growth at the tree level (Figure S1).
For the remainder of the paper, we emphasize sapwood area growth for tree and stand levels since
it integrates the water use of the entire tree. Since the AGB equations are based on monocultures,
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the accuracy of applying these equations to trees beginning to interact aboveground (after year 7) may
have introduced error.
2.5. Tree and Stand Transpiration and Water Use Efficiency
To calculate tree and stand transpiration, sap flow was measured using the heat ratio method
(HRM) in 64 trees [45]. On each sap flow tree, one sensor was installed 1.30 m above the base of the
tree facing north. Each sensor contained three probes—a heater probe and two temperature probes,
installed equidistantly upstream and downstream from the heater probe (0.6 cm). Each temperature
probe contained three thermocouples located at 0.5, 1.7, and 3.0 cm from the bark of the tree. A heat
pulse was automatically sent to the heater probe every 15 min. The speed of the heat (Vh ) was
calculated every 15 min according to [45]:
Vh =

k
ln(v 1 /v2 ) × 3600
x

(7)

where k is the thermal diffusivity of green (fresh) wood, x is the distance in centimeters between
the heater and either temperature probe, and v1 and v2 are increases in temperature from initial
temperature at equidistant points downstream (v1 ) and upstream (v2 ). Heat pulse velocities were
corrected (Vc ) for errors (probe misalignment and wounding) following Burgess et al. [45]:
Vc = bV h +cV 2h +dV 3h

(8)

where b, c, and d are coefficients found in Table 1 of Burgess et al. [45]. Estimates of each tree’s daily
sap flux density (Js ) were obtained from Vc [46] based on the period from 15 June 2014 through 15
June 2016:


ρd
Cdw
Js =
MC+
Vc
(9)
ρs
Cs
where ρd is the density of sapwood, ρs is the density of water, MC is the volumetric water content of
the sapwood, Cdw is the thermal conductivity of dry wood, and Cs is the thermal conductivity of water
(based on Burgess et al. [45]. Density for D. retusa was determined to be 890 kg m3 and 660 kg m3 for
T. amazonia [33].
To calculate sap flow we first calculated the cross-sectional sapwood area (determined using
cores, described above) and divided that area into three concentric annuli delimited by the midpoint
between the three measurement depths of the sensors. The sap flow corresponding to each annulus was
estimated by multiplying the area of the annulus by Js at each thermocouple depth. The transpiration
of a tree (E) was estimated by adding the values from the three concentric annuli.
We modeled a linear relationship between DBH and transpiration (E) (Equations (1)–(4)) for each
treatment and used these equations to estimate tree E of planted trees for which we did not have
sensors installed. For all trees across all study plots, we summed the E for each tree in a plot and
multiplied this value by the stand sapwood area divided by stand ground area of the plot to calculate
stand transpiration (E; mm day−1 ).
Tree water use efficiency (WUE; mm2 L−1 ) was calculated as mean daily SA growth (mm2 day−1 )
of the tree over one year of growth divided by the mean daily water use of the tree (L day−1 ). Stand
WUE (WUE; m2 mm−1 ) was estimated by dividing the annual stand SA growth for each plot by the
stand transpiration for each plot.
2.6. Statistical Analyses
Tree- and stand measurements that did not meet normality tests were log transformed for
analyses and back-transformed for all figures. An ANOVA and post-hoc Tukey test was used to
assess differences for tree SA growth, stand SA growth, E (tree and stand), and WUE (tree and stand)
among treatments and between water years. In the data that follow, small differences at the tree-level
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led to greater differences at the stand-level. Part of the reason may be because our sample sizes at the
tree-level were small and so differences were often non-significant, while stand-level results considered
the entire plot and plantation area (which has microsite variability and slope differences that affect
growth (see [37])).
Models were developed in R to compare DBH to SA growth or E. Linear and polynomial models
with and without treatment and species as factors were compared and an ANOVA was used to compare
models and select the best fit [47]. The same model selection process was used to compare stand SA
growth to either stand E or WUE. Size effects and confidence intervals were calculated for tree WUE
(see [48]).
3. Results
3.1. Normal Year and Drought Year Meteorological Changes
The most significant changes from the normal year to the drought year was a 55% decrease
in precipitation during the drought year (early 2015 through May 2016) (Figure S2e). Additionally,
significant increases in radiation (40%) and vapor pressure deficit (VPD; 20%) occurred during the
drought year (Figure S2a,b). The 2015-2016 El Niño drought marked one of the top three driest periods
on record (100 years) in the Panama Canal Watershed [42].
3.2. Growth/Productivity
Mean sapwood area (SA) growth varied by treatment, with T. amazonia in mixtures having
significantly greater SA growth than the other three treatments during both normal and drought
years (Table 2, Figure 2). While T. amazonia trees planted in mixtures and D. retusa trees planted
in monocultures trended toward greater SA growth during drought compared to a normal year,
this trend was not significant. In comparison, T. amazonia in monocultures and D. retusa in mixtures
tended to decrease SA growth during drought, but the only significant difference was the decline in
SA growth for D. retusa in mixtures during drought (0.19 mm2 day−1 ) compared to a normal year
(1.09 mm2 day−1 ) (Table 2).
Sapwood area growth increased with tree diameter during both a normal year (R2 = 0.40, p < 0.001)
and drought year (R2 = 0.27, p < 0.0001) (Figure S3a). Comparing AIC values for linear and polynomial
models relating diameter at breast height (DBH) to basal area growth showed that the best fit model was
a polynomial model that included treatment as a factor during the normal year (R2 = 0.40, p < 0.0001)
(Figure 2). In comparison, the best fit model between DBH and basal area growth during the drought
year was a polynomial model that did not include any additional factors (i.e., treatment or species)
(R2 = 0.27, p < 0.0001) (Figure S3a).
At the stand level, ANOVA results show treatment significantly influenced yearly SA growth
(p < 0.001), with T. amazonia monocultures having greater SA growth than either mixtures or D. retusa
monocultures (Figure 3a). During the drought year, both mixtures and T. amazonia monocultures had a
significant decline in SA growth (both p < 0.001), while D. retusa monocultures showed a non-significant
trend toward an increase in SA growth during drought (Figure 3a).
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Figure 2. Tree sapwood area growth during normal (purple boxes) and drought (gold boxes) years by
treatment. DR monocultures: Dalbergia retusa in monocultures; DR mixture: Dalbergia retusa in mixtures;
TA monocultures: Terminalia amazonia in monocultures; TA mixture: Terminalia amazonia in mixtures.
Upper case letters denote differences by treatment, considering both water years, and red asterisks
represent differences between water years.

Figure 3. (a) Stand mean sapwood area growth (m2 ha−1 yr−1 ), (b) transpiration (E; mm day−1 ),
and (c) water use efficiency (WUE; m2 mm−1 ) by treatment during a normal (purple) and drought
(gold) year. DR monocultures: Dalbergia retusa in monocultures; Mixture: mixtures of Dalbergia retusa
and Terminalia amazonia; TA monocultures: Terminalia amazonia in monocultures; TA mixture:
Terminalia amazonia in mixtures. Upper case letters denote differences by treatment and red asterisks
represent differences between years.

3.3. Tree- and Stand- Transpiration
The relationship between diameter at breast height and tree transpiration was significant in both
normal and drought years (Figure S3b). An ANOVA to compare multiple models relating DBH to tree
transpiration showed that a polynomial model including treatment was the best model for both normal
(R2 = 0.68, p < 0.0001) and drought (R2 = 0.75, p < 0.0001) years. For any given DBH, tree transpiration
was greater during the normal year than the drought year (p < 0.0001).
Best fit models between stand SA growth and transpiration were linear with treatment as a
factor based on ANOVA results for both normal and drought years (Figure S3b). Monocultures of
D. retusa was the only treatment that had no significant difference in stand transpiration between years.
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In comparison, both mixtures and monocultures of T. amazonia had a significant decrease in stand
transpiration during the drought year (both p < 0.0001). Transpiration was significantly greater in
T. amazonia monocultures than either of the two treatments, regardless of year (Figures 3 and 4).

Figure 4. Stand transpiration (E; mm day−1 ) and mean sapwood area (SA) growth (m2 ha−1 yr−1 )
by treatment during a normal year (a) and drought year (b). DR monocultures: Dalbergia retusa
in monocultures; Mixture: mixtures of Dalbergia retusa and Terminalia amazonia; TA monocultures:
Terminalia amazonia in monocultures; TA mixture: Terminalia amazonia in mixtures.

3.4. Monthly Differences in Whole Tree Transpiration
When analyzing the data by month, hourly whole tree transpiration (L hr−1 ) was significantly
different by treatment for all but the T. amazonia trees growing in mixtures and monocultures for
six out of the total of 24 months over the study period (ns = not significant, p > 0.05) (Figure 5).
Dalbergia retusa in the mixture had consistently lower transpiration than the other three treatments.
Terminalia amazonia in the monocultures had higher transpiration than when planted in the mixtures
for all but three months during the drought (Figure 5). The largest difference in transpiration was
observed for T. amazonia trees growing in monocultures during the dry season of 2015 and at the start
of the drought event in 2015.

Figure 5. Mean tree transpiration (L hr−1 ) by treatment over the length of the study period. DR
monocultures: Dalbergia retusa in monocultures; DR mixture: Dalbergia retusa in mixtures; TA
monocultures: Terminalia amazonia in monocultures; TA mixture: Terminalia amazonia in mixtures.
Points represent the mean hourly daytime tree transpiration for each month starting in May 2014 and
ending in May 2016. Error bars represent the standard error of the mean. Gray shaded areas represent
the dry seasons determined by the Panama Canal Authority. The black horizontal line represent the
ENSO event. Treatments where transpiration was not significant by month are represented with an ns
(this only occurred for TA monoculture and TA mixture six times).
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3.5. Water-Use Efficiency
Response of tree water-use efficiency (WUE) before and during the drought varied by treatment.
Terminalia amazonia in the mixtures was the only treatment to significantly increase WUE during the
drought. Both D. retusa in mixtures and T. amazonia in monocultures showed a non-significant increase
in WUE, while D. retusa in monocultures showed a non-significant decrease in WUE (Table 2). We used
guidelines developed for analyzing effect size proposed by Hutchison et al., (2018), whereby effect
size strength is defined in terms of small (0.10), intermediate (0.30), and large (0.50). Based on effect
size analysis, changes in WUE were large in the positive direction for monocultures of D. retusa and
mixtures of T. amazonia, intermediate in the positive direction for T. amazonia in monocultures, and
large in the negative direction for D. retusa in mixtures (Figure 6). A positive direction suggests that
the effect of the drought increased WUE, while negative direction suggest the effect of the drought
decreased WUE.

Figure 6. Effect size of drought compared to a normal year with confidence intervals of sapwood area
growth (SA Growth), transpiration, and water use efficiency (WUE) by treatment. DR monocultures:
Dalbergia retusa in monocultures; DR mixture: Dalbergia retusa in mixtures; TA monocultures:
Terminalia amazonia in monocultures; TA mixture: Terminalia amazonia in mixtures. Confidence intervals
(CIs) that do not overlap with zero value (vertical dashed line) denote strong and large effects. Points
and CIs to the right of the dashed line represent treatments where sapwood area growth, transpiration,
or WUE increased during drought and points to the left of the dashed line represent treatments where
the three metrics decreased during drought.

Stand WUE was related to stand sapwood area (SA) growth, with more productive stands
generally being less WUE for both D. retusa monocultures and mixtures during both a normal year and
drought year (Figures 3c and 7). Monocultures of T. amazonia had significantly lower WUE than either
the two treatments during both years (p < 0.0001) (Figures 3 and 7). Declines in WUE for D. retusa
monocultures and mixtures were steeper for less productive stands (Figure 7). While both mixtures and
T. amazonia monocultures showed a significant increase in WUE during the drought (both p < 0.001),
there was no change in WUE for D. retusa monocultures between years (p = 0.47).
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Figure 7. Stand water use efficiency (WUE; kg mm −1 ) and mean SA growth (m2 ha−1 yr−1 ) by
treatment during a normal year (a) and drought year (b). DR monocultures: Dalbergia retusa in
monocultures; Mixture: mixtures of Dalbergia retusa and Terminalia amazonia; TA monocultures:
Terminalia amazonia in monocultures; TA mixture: Terminalia amazonia in mixtures.

4. Discussion
4.1. Role of Complementary Interactions in Mixtures During a “Normal” Year
Theory suggests that mixed planted forests may lead to enhanced stand-level resource use
efficiency [49,50]. Our work suggests that this theory may not hold for combinations in which one
species successfully outcompetes another species for light, nutrients, or water. The significantly
greater DBH and sapwood area growth of T. amazonia observed in our study, regardless of treatment,
underpins this point. Similar observations from other studies have been commonly referred to as
the “selection effect” [26,51], and attributed to the dominance of a single species within a mixtures
that negatively impacts the performance of one or more other species. This effect was particularly
obvious in our mixed species plantings, where the growth of D. retusa was inhibited by T. amazonia
(Figure 2 and Table 2), while T. amazonia benefitted from additional growth in mixtures, apparently at
the expense of D. retusa.
Interestingly, in this study, the basal diameter and height of D. retusa were significantly greater
than T. amazonia after two years of growth (which may be due to greater initial allocation of carbon
to belowground growth by T. amazonia), but any complementary interactions that may have existed
at age 2 quickly diminished when T. amazonia rapidly won the race for light and space by age 8 [33].
This highlights the importance of multiple year studies into growth dynamics of tree plantings.
In some cases, a fast-growing species and slow-growing species grown together show complementarity
as long as the difference in growth rate is not too extreme [52,53]. Both of our study species are
light-demanding [54], and while D. retusa can tolerate low light, our research suggests it does better
in higher light conditions. In fact, D. retusa grew better when planted in mixtures with other species,
such as Pachira quinata (Jacq.) W.S. Alverson, which is deciduous for most of the dry season and, thus,
both P. quinata and D. retusa growth occurs during the same part of the year, preventing a competitive
advantage that an evergreen may have over a deciduous tree [33,54]. This suggest that when selecting
species to maximize the growth benefits from the interaction of two species, it is important to select
species with either similar growth rates throughout the rotation, or whereby one species grows
favorably in a sub canopy position [25]. For example, a study in Australia of Acacia mearnsii and
Eucalyptus globlus species showed complementary interactions related to aboveground biomass growth
and both species had similar heights and diameters after 9.5 years of growth [53] and resulted in
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greater stand productivity in the two-species mixtures. Similar growth rates of these species enhanced
opportunities for complementary and reduced opportunities for competition.
The greater growth of T. amazonia in the mixtures did not fully compensate for the slower growth
of D. retusa in the mixtures, such that T. amazonia-D. retusa mixtures did not result in greater annual SA
growth (i.e., overyielding) than T. amazonia monocultures. While mixtures had higher growth rates
than D. retusa monocultures, this is likely a result of mixtures containing a highly competitive dominant
species, which increases annual stand-level growth. However, the greater growth of T. amazonia in the
mixtures resulted in the mixtures having SA growth that was between T. amazonia monocultures and
D. retusa monocultures, suggesting that the greater growth of T. amazonia in mixtures only partially
offset the slower growth of D. retusa in mixtures.
Given that tree diameter is closely related to tree transpiration [55], especially where DBH
correlates closely with sapwood area, the positive association between higher growth, tree size, and
transpiration of T. amazonia compared to D. retusa (regardless of treatment) observed in our study was
expected. Even though T. amazonia in monocultures had significantly lower SA growth than T. amazonia
in mixtures, they transpired the same amount as T. amazonia in mixtures, indicating that the mixed
species interactions changed water use patterns for T. amazonia. Although not directly tested here, one
possible explanation could be related to a facilitation effect from N-fixation by D. retusa, which has
been shown to fix at a rate of 33.5 µmol N2 m−2 ha−1 in our study area [34], and which could have
potentially increased the ability of T. amazonia in mixtures to assimilate more CO2 without losing as
much water through its leaves. Specifically, increased foliar N and rubisco concentration, and hence,
photosynthetic capacity could have allowed for greater efficiency of carbon and water transfer through
its leaves. An alternative explanation could be that T. amazonia is investing its carbon differently in
monocultures and mixtures. Although not directly tested here, T. amazonia in monocultures may have
been investing fewer resources to basal area growth and more resources in greater leaf area or roots,
both of which would not necessarily results in greater SA growth, but may impact transpiration. Site
conditions, neighboring species, and environmental factors can all affect carbon allocation in trees over
time [56].
Despite the greater growth of T. amazonia in both monocultures and mixtures than D. retusa,
T. amazonia trees were also less water use efficient, which in part could be due to the extremely low
transpiration rates of D. retusa during the dry season while T. amazonia maintains high transpiration
until mid-way through the dry season and never approaches zero (Figure 5). The effect of treatment was
even more pronounced at the stand-level, where D. retusa monocultures were more water use efficient
than either of the two treatments. Using stable isotope techniques, Craven et al., [39] demonstrated
that both D. retusa and T. amazonia have high intrinsic WUE, but cautioned that T. amazonia performed
better in environments with less seasonality (i.e., dry versus wet), indicating that T. amazonia might be
limited to certain geographical ranges. Dalbergia retusa, in contrast, seemed to be highly adaptable to
seasonality in that study. Our study site is characterized by strong seasonality, with a 4-month dry
season, but T. amazonia is still the most productive species in the Agua Salud planted forest. This
can be partly explained by the age of the trees, which in this study were between 6 and 8 years
old, while the Craven et al., [39] study was focused on 2-year old planted trees, which were not yet
interacting aboveground.
It is notable that during a ‘normal’ precipitation year, there was a clear species distinction between
whole tree transpiration and WUE, with T. amazonia trees having greater transpiration and D. retusa
trees having greater WUE. Additionally, stands with comparable annual SA growth showed significant
differences in transpiration based on treatment. Even for sites with the same SA growth, T. amazonia
monocultures transpired nearly double that of both the mixtures and D. retusa monocultures. These
findings are particularly important, since they highlight how planting design can influence trade-offs
between productivity and water use, with mixed species stands achieving comparable productivity to
single species stands while using only half of the amount of water.
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4.2. Effects of Drought on Growth, Transpiration, and WUE
Understanding patterns of tree and stand level productivity and water use under “average” or
“normal” years is essential, but it is also important to understand these behaviors during extreme events
like prolonged droughts, as these events are predicted to become more frequent in the future [57,58].
Our findings suggest that growth, transpiration, and WUE of individual trees and stands respond
differently to drought depending on whether they are planted as monocultures or mixtures.
Although not significant, both T. amazonia in mixtures and D. retusa in monocultures had slight
increases in SA growth during the drought, suggesting that they may have benefited from the drought
conditions. Although seemingly counterintuitive, higher than average radiation and vapor pressure
deficit, which occurred at our study site during the drought (Figure S1), can enhance growth as long
as soil moisture does not become limiting [59]. Of the treatments in the present study that showed
declines in SA growth during the drought, D. retusa in the mixtures had a significant decline, which
suggests that T. amazonia negatively affected D. retusa in mixtures. In the tropics, small trees have
shown increased growth rates in response to drought, largely driven by increased solar radiation
reaching the subcanopy layers due to drought-induced leaf drop and reduced canopy cover of taller
trees during drought [11]. We did not see similar increased growth rates for D. retusa in mixtures,
suggesting that other mechanisms were more important. For example, as water supply decreases,
it has been show that trees preferentially allocate carbon to below-ground structures at the expense of
above-ground biomass [56].
Small differences in growth observed at the tree level were again magnified at the stand level.
In terms of SA growth, both mixtures and T. amazonia monocultures were negatively affected by the
drought, with declines in SA growth of <0.5 m2 ha−1 year−1 (mixtures) and over 1 m2 ha−1 year−1
(T. amazonia monocultures). These results, taken with the tree-level results, provide evidence that
T. amazonia-D. retusa mixtures are more resistant to drought than T. amazonia monocultures, where
declines in SA were significantly greater in that monoculture than the mixtures. While we are unable to
identify the underlying mechanisms contributing to complementarity between the species in our study,
T. amazonia clearly benefited by being planted with D. retusa during normal and drought years. which
can be partially explained by three scenarios. The first is that the increased growth by T. amazonia in
the mixtures during drought could be facilitative (i.e., complementarity) if N-fixation from D. retusa
is directly benefitting T. amazonia, which might suggest evidence of the stress-gradient hypothesis.
The second is that the interaction in the mixtures is, in fact, competitive, where T. amazonia had better
uptake of some or all resources, negatively impacting D. retusa. Finally, there might be a combination
of facilitative and competitive interactions.
Terminalia amazonia in mixtures decreased transpiration, 6.29 (±3.66) to 4.61 (±3.56) L day−1
during drought compared to pre-drought transpiration despite increases in SA growth, which
contributed to nearly a 50% increase in WUE. Stand transpiration during the drought was greater in
T. amazonia monocultures than even the mixtures during a ‘normal’ year (Figure 4), which could have
implications for water supply, especially if planted on large scales in areas where water availability is an
important concern to downstream populations. In terms of stand transpiration, D. retusa monocultures
showed little change in transpiration between the years, while T. amazonia monocultures showed the
most change, with a nearly 60% decrease in transpiration during the drought. This may have been a
case where T. amazonia monocultures exploited water resources faster than the T. amazonia in mixtures,
and thus, reduced transpiration early during the drought to compensate for lower water availability.
For D. retusa, the transpiration throughout the year had very moderate changes, but generally
decreased during the dry season, when D. retusa is partly deciduous. While we would have expected
to see a decline in D. retusa’s transpiration during the drought, which included a drier than normal
wet, this did not occur, suggesting that D. retusa in monocultures was decoupled from the great soil
moisture declines during drought, as reflected by similar transpiration patterns over time. The little
change we saw with D. retusa suggest that it is a particularly drought resistant tree (more so when
planted in monocultures).
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Despite differences in growth and transpiration, tree WUE for T. amazonia in monocultures and
mixtures was greater during the drought, meaning that they use less water per biomass during
drought conditions, lending support for the stress-gradient hypothesis. We found that the effect
size of WUE for D. retusa in monocultures and T. amazonia in mixtures was greater than the other
treatments, and that D. retusa in mixtures behaved differently, with the effect size being negative
(Figure 7). This further emphasizes that D. retusa in mixtures are negatively impacted by T. amazonia
in the mixtures. However, given that T. amazonia appears to use opportunistic growth and water
strategies, if more severe droughts are presented in the future, it would greatly benefit from being
planted with D. retusa, which not only decreases water use during the dry season, but is a weaker
competitor for light and water.
It is important to note that the large variability of our tree transpiration data, including a wide
range of soil and moisture conditions and subsequent differences in tree growth rates, translated
into observed differences in stand growth, transpiration, and WUE, due to spatial variability within
mixtures that affect how light, water, and nutrients are available [26]. While our site is notable as
being remarkably homogeneous in terms of fertility, but at the low end of the phosphorus gradient
in Panama [60], microsite fertility affected the growth of both species studied herein [37]. The same
authors found T. amazonia growth to be extremely sensitive to microsite slope at three years with some
level of sensitivity persisting through the seven years of their study. In contrast, D. retusa growth was
found to be remarkable insensitive to slope [37]. Thus, microsite variability within plots may have
contributed to the variability we found in our results, at least for T. amazonia, with tree differences then
reflected in stand-level responses (the mean response across a site).
5. Conclusions
Our work shows that mixed species plantings do not necessarily overyield (i.e., have higher
growth), or have higher transpiration and WUE when compared to their respective monocultures,
suggesting that selecting species based on information about their complementary functional traits
alone is not sufficient to ensure overyielding. Findings from other studies suggests that combining
species with similar growth rates may enhance the probability of complementary interactions leading
to overyielding early in stand development, but that these interactions can be diminished if one species
growth begins to limit the height of the second species [61]. We also demonstrated the effect that
a dominant species can have on a less strongly competitive species 6-8 years following plantation
establishment, with negative effects on growth, both during normal and drought years. From a stand
perspective, our results provide valuable information for designing reforestation efforts that seek
to achieve multiple goals besides only productivity, such as the sustainable provisioning of water
resources. Not only did both mixtures and D. retusa monocultures transpire less water during a normal
year than mixtures, but this trend continued during the severe El Niño drought, when water typically
becomes most crucial for users. Even though T. amazonia monocultures were the most productive
during a normal year, the decrease during the drought year was greater than the decrease in growth in
the mixtures, suggesting that mixtures might be less affected by drought than the monocultures of
T. amazonia. We did not find that mixing led to greater resistance, but rather than D. retusa behaved as
a resistant species. Dalbergia retusa should also be mentioned as a valuable reforestation species, both
economically, but also in terms of water availability. In this study, it transpired the least amount of
water, about a third of mixtures and a fifth of what T. amazonia monocultures transpired, and it is the
most resistant species in this study. However, more long-term monitoring is needed to fully assess
the effects of the drought on individual tree and stand level response and on the recovery from the
drought stress. For example, legacy effects may have resulted in further post-drought growth declines
or, alternatively, trees may have had sufficient non-structural carbohydrates to maintain high resilience
and allow for rapid post-drought recovery. Our study highlights the importance of testing species
combinations in normal conditions and drought conditions over extended timeframes before planting
mixed systems if the goal is to increase growth through complementarity.
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