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1

2

3

2 29  Summary

5

6 30 Autotrophic respiration may consume an increasing proportion of carbon fixed in

7

8 31 photosynthesis at the expense of growth as tropical forests respond to environmental change,
9

ig 32 potentially turning the forests into a carbon source. Predicting such a response requires that we
12

13 33  measure and place autotrophic respiration in a complete carbon budget, but extrapolating

15 34  measurements of autotrophic respiration from chambers to ecosystem remains a challenge. High
18 35 plant species diversity and complex canopy structure may cause respiration rates to vary and

20 36 introduce bias in extrapolation. Using experimental plantations of four native tree species with
22 37  two canopy layers, we examined if species and canopy layers vary in foliar respiration and wood
25 38  CO; efflux and whether the variation relates to commonly used scalars, mass, nitrogen,

27 39 photosynthetic capacity, and wood size. Foliar respiration rate varied three-fold between canopy
29 40 layers, ~0.74 pmol m™ s™ in overstory and ~0.25 pmol m™ s™ in the understory, but little among
32 41  species. Leaf mass per area, nitrogen, and photosynthetic capacity explained some of the

34 42 variation, but canopy layer or height explained more. Chamber measurements of foliar

37 43  respiration can be extrapolated to the canopy with rates and leaf area specific to each canopy

39 44  layer or height class. If area-based rates are sampled throughout the canopy, mean respiration
41 45  rate per mass, derived by regressing the area-based rate against leaf mass per area, can be

44 46 extrapolated to the stand using total leaf mass. Wood CO, efflux for overstory trees varied 1.0 -
46 47 1.6 umol m™ s for overstory trees and 0.6 - 0.9 pmol m™ s for understory species. The

48 48  variation in wood CO; efflux rate was mostly related to wood size, and little to species, canopy
51 49 layer, or height. Mean wood CO, efflux rate per surface area, derived by regressing CO, efflux
53 50  per mass against the ratio of surface area to mass, can be extrapolated to the stand using total

55 . .. .. .
51 wood surface area. The temperature response of foliar respiration was similar among species,
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and wood CO, efflux was similar between wet and dry seasons. For these species and this forest,

vertical sampling may yield more accurate estimates than would temporal sampling.
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1

2

2 55  Introduction

5

6 56 Autotrophic respiration consumes 30—-70% of the carbon fixed in photosynthesis to

7

8 57  supply energy for metabolism and growth (Charles-Edwards 1981, Ryan et al. 1997, Chambers
9

12 58 etal. 2004, DeLucia et al. 2007, Litton et al. 2007, Luyssaert et al. 2007). It remains uncertain
12

13 59  however whether autotrophic respiration will consume a greater fraction of photosynthesis at the
15 60  expense of growth as forests respond to changes in temperature, precipitation, and species

18 61 composition. Because of this uncertainty, predictions of future carbon balance remain difficult,
20 62  particularly for tropical forests (Chambers et al. 2004, Malhi et al. 2011, Malhi 2012): will

22 63  tropical forests remain a carbon sink (Fan et al. 1990, Grace et al. 1995, Cao and Woodward

o5 64 1998, Malhi et al. 1998, Phillips et al. 1998, Loescher et al. 2003) or become a carbon source as
27 65 temperatures increase (Kindermann et al. 1996, Braswell et al. 1997, Tian et al. 1998, Cox et al.
29 66 2000, White et al. 2000, Cramer et al. 2001, Clark et al. 2003)?

32 67 Crucial to prediction are fundamental questions about autotrophic respiration that can

34 68  only be answered by measuring autotrophic respiration and placing it in a whole forest carbon
37 69  budget. Is autotrophic respiration a constant fraction of photosynthesis (Waring et al. 1998,

39 70  DeLucia et al. 2007, Litton et al. 2007)? Why then do black spruce (Picea mariana (Mill.)

41 71  Britton, Sterns & Poggenburg (Ryan et al. 1997), and wet primary tropical forests (Chambers et
a4 72 al. 2004, Luyssaert et al. 2007, Malhi 2012) consume ~ 70% of photosynthesis compared to

46 73 assumed 50% (Waring et al. 1998, Litton et al. 2007)? Will the fraction of respiration to

48 74  photosynthesis change as temperatures increase (Ryan 1991, Atkin 2003, Atkin et al. 2005)? We
51 75  will only answer these questions by placing autotrophic respiration in the context of a complete
53 76  carbon balance (Ryan et al. 2004), by measuring the autotrophic respiration for studies where we

77  have all of the other components of the carbon budget (Litton et al. 2007), and developing robust
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sampling and extrapolation protocols (Sprugel et al. 1995, Cavaleri et al. 2006, Cavaleri et al.
2008).

Foliar respiration and wood CO; efflux rates can vary over 20x within a forest (Sprugel et
al 1995), so schemes to sample, understand, and extrapolate respiration rates are critically
important to producing estimates of aboveground foliar dark respiration and wood CO; efflux.
Because respiration supports biochemical and physiological processes (Amthor 2000, Thornley
and Cannell 2000), foliar respiration and wood CO, efflux rates per unit surface area generally
vary with mass (Ryan 1990, Sprugel 1990, Wright et al. 2004), N content (Penning de Vries
1975, Field and Mooney 1986, Evans 1989, Ryan 1995, Reich et al. 2006), growth rate
(Williams et al. 1987, Williams et al. 1989), and chemical composition of new tissue (Penning de
Vries et al. 1974, Chapin 1989, Poorter and Bergkotte 1992).

Knowledge of these sources of variation does not yield simple schemes to extrapolate
from the chamber to the ecosystem. The relationships between respiration and these predictor
variables change within a stand, throughout the year, and with ontogeny (Ryan 1990, Sprugel et
al. 1995, Ryan et al. 2009). Other less known sources of variation, such as phloem transport,
waste respiration, and translocation of CO, from elsewhere (Amthor 2000, Thornley and Cannell
2000, Teskey et al. 2008) also may alter the relationship between CO, efflux and scaling
variables. The few extant studies in tropical forests showed that species differences in wood CO,
efflux were related to wood size (Yoda et al. 1965, Yoda 1967) but also to growth rate (Ryan et
al. 1994, Ryan et al. 2009, Robertson et al. 2010), and functional groups differed in foliar
respiration and wood CO, efflux independently of mass or N content (Cavaleri et al. 2006,

Cavaleri et al. 2008).

http://mc.manuscriptcentral.com/tp



Page 7 of 124

©CoO~NOUTA,WNPE

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

Manuscripts submitted to Tree Physiology

In this study, we focus on determining how rates of foliar dark respiration and wood CO;
efflux vary among species and canopy layers so we can understand where to best sample rates,
what causes the variation in rates, and how to extrapolate those fluxes to produce unbiased
estimates of aboveground autotrophic respiration. We hypothesized that foliar respiration and
wood CO, efflux rates would vary among species and canopy layers because (1) for foliar
respiration, leaves of different species and in different canopy layers have very different cellular
activity related to differences in protein (N concentration), photosynthetic activity, and mass; (2)
for foliar respiration, short-term temperature response will vary with respiration rate as it did for
a primary forest (Cavaleri et al. 2008), (3) for wood CO, efflux, growth process dominate over
maintenance of biomass and stems and branches of different species and canopy layers grow at
different rates (Ryan et al. 1994). This variability with species and canopy layers thus (4)
produce biased estimates of aboveground respiration flux if measurements are taken at a single

point.

Materials and methods
Study site

We conducted this study at La Selva Biological Station, in the Atlantic lowlands of Costa
Rica (10°26'N, 83°59'N). La Selva’s climate is classified as Tropical Wet Forest in the
Holdridge system (McDade 1994), with annual mean rainfall and temperature of 4000 mm and
26 °C. For 2009 and 2010, when measurements were taken, rainfall was 4500 mm and the
temperature averaged 25°C. Soils at the site are acidic, highly leached, high in organic matter

content, and classified as Mixed Haplic Haploperox (Kleber et al. 2007).
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The site was cleared of primary forest in 1955, converted to pasture in 1956, and then
continually grazed until 1987. In 1988, an experiment was established with eleven tree species
and an abandoned pasture control, replicated over four blocks in a randomized complete block
design (Fisher 1995). Plots were 50 x 50 m (0.25 ha), with a single-tree species planted in each
plot except for the unplanted control. Understory plants were cleared for the first 3 years until
the trees were established, but then allowed to regenerate naturally. By 2009, only four species
had enough surviving trees for plot-level measurements, and these were the subjects of this
study.

The four species studied were Hieronyma alchorneoides Allemao (HIAL), Pentaclethra
macroloba (Willd.) Kunth. (PEMA), Virola koschnyi Warb. (VIKO), and Vochysia
guatemalensis Donn. Sm. (VOGU). All are native to the surrounding primary forest, and
Pentaclethra is the dominant species of canopy trees at La Selva, and the only N-fixing species
of the four. The stands had aboveground biomass 5410 — 9870 gC m™ comparable to 7200 gC
m™ of surrounding primary forest, and LAI of 5.2 — 6.5 similar to 6.0 in the surrounding forest.
The planted trees dominated each species stand with them consisting on average 88% of
aboveground biomass. Stand characteristics are in Table 2.1, and further details on the site and
its history can be found in Fisher (1995) and Russell et al. (2010). We conducted this study as

part of a larger project, ECOS (http://www.nrem.iastate.edu/ECOS/home), examining tree

species effects on ecosystem processes (Raich et al. 2007, Raich et al. 2009, Russell et al. 2010,
Russell and Raich 2012).
Sampling

Canopy at the site consisted of two distinct layers, overstory in the upper 15-35 m and

understory in the lower 0-15 m. The overstory was occupied by foliage of the planted trees, but
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the understory included the planted trees, and other trees, forbs, grasses, and ferns from the
surrounding forest. Species composition in the understory differed among the overstory species
(Table 2.1).

Foliar respiration for the overstory trees was measured on ~20 branches (~16 near the top
of the canopy and ~4 from lower in the canopy) from two to four individuals per plot using a 30
m scaffolding tower (Upright Inc., Dublin, Ireland) for access. Measurements were taken on one
plot per species in 2009 during the wetter summer months and on a different plot in 2010 during
the less wet winter and spring months. In the understory, 10-15 individuals were sampled per
plot in all four blocks (two in summer 2009 and two in winter 2010).

Wood CO; efflux of the overstory trees was measured at 1.4 m height on 15 trees per plot
for all four plots per species in summer 2009 and winter 2010. Wood CO, efflux was also
measured from the scaffold tower on one to three stems at 1.8 m intervals above 1.4 m and on
10—15 branches in upper canopy in two of the four blocks (one in summer 2009 and one in
winter 2010). Wood CO; efflux for woody understory plants were made on all four plots for the
same sampling periods (0-6 trees per plot), but the sample was limited as only a few of the

understory plants were large enough for measurement.

Ecophysiological measurements

Foliar respiration was measured on one to five leaves in a 1580 ml volume polycarbonate
chamber on detached foliage at night. Branches were cut underwater in the afternoon, placed in
a floral tube with water without exposing the cut surface to air, and and CO, efflux measured at
the lab in the dark from 20:00 and 02:00 (after > 2 hours of darkness). Attached and detached

foliage had similar respiration rate in a previous study at La Selva (Cavaleri et al. 2008) and in
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several studies at other locations (Mitchell et al. 1999, Turnbull et al. 2005). Immediately after
measurement, the foliage was measured for leaf area with a leaf area meter (LI-3100, LI-COR,
Inc.). The foliage was then dried for 48 hours at 65 °C and measured for leaf dry mass, and
ground to a powder with a Wiley mill and measured for leaf N with a C N analyzer (TruSpec
CN, LECO, Inc., St. Joseph, Michigan, USA).

Wood CO; efflux was measured using clear polycarbonate chambers on intact stems or
branches between 07:00 and 17:00. Because the chambers were clear, they allowed bark
photosynthesis and our measurement was thus a sum of wood tissue respiration (+ flux), bark
photosynthesis (— flux), and CO; dissolved in the xylem sap (Cernusak and Marshall 2000,
McGuire and Teskey 2004, Bowman et al. 2005, Teskey et al. 2008). Wood surface area was
estimated as the area inside the gasket creating the seal between the chamber and the wood.
Wood volume sampled by the chamber was estimated by multiplying the volume of the
underlying wood cylinder (height equal to chamber height) by the ratio of the surface area inside
the chamber gasket to the surface area of the wood cylinder (generating a wedge-shaped slice).
The volume was then converted to mass using species specific wood density.

All chambers had neoprene gaskets to form a seal and a small fan to mix the air inside but
varied in size and shape. Chamber volume ranged from 16—47 mL for wood CO, efflux
(enclosed wood surface area of 3-28 cm?); different sized chambers were used to ensure fit on
wood with different diameters. Chamber seals were checked with a flow meter, and wood and
foliage surface temperature were measured with an infrared thermometer (OS423-LS, OMEGA
Engineering, Stamford, Connecticut, USA). CO, efflux was measured with an open-system
LCA-3 (Analytical Development Company, Hoddeson, UK) infrared gas analyzer (IRGA) for

2009 measurements, or a lab-built closed-system instrument with Li-820 (Li-COR, Inc., Lincoln,

10
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Nebraska, USA) and CR10X data logger (Campbell Scientific, Logan, Utah, USA) for 2010
measurements. The open-system IRGA drew ambient air from a 19 L mixing container to
maintain stable concentration of reference CO, during measurements, and the airflow rates
through the chamber ranged between 200-340 pmol s for measurements. Both instruments
were regularly calibrated with a CO, standard.

Before detaching the branches to measure foliar respiration at night, the intact leaves
were measured for photosynthesis using an open-system portable IRGA (LI-6400, LI-COR, Inc.,
Lincoln, Nebraska, USA). The measurements were taken on 5 fully expanded leaves, on the
same branches sampled for respiration for foliage in the overstory but on different branches for
foliage in the understory. Each leaf was measured once a day for 2-9 days for canopy foliage,
and once for understory foliage. Photosynthesis was measured under a reference CO, of 390
pmol mol™; at an air flow rate of 500 umol s'; and with a saturating level of photosynthetic
photon flux density (2000 pmol m™ s for leaves at the canopy top and 1500 pmol m™s™ for
lower canopy and understory leaves) after the readings stabilized. Temperature and humidity
were not controlled, and ranged 24.5-39°C and 0.5-2 kPa in vapor pressure deficit. Values
reported are averages for each branch.

A subset of the foliage was also measured at night for the temperature response of foliar
respiration by estimating Q, from a temperature response curve. Of the foliage sampled for
foliar respiration measurement, four branches from the overstory trees and three individuals of
the understory plants from one block per species were measured for temperature response.
Temperature response was quantified with O, the change in respiration rate with 10°C change
in temperature, for foliar respiration measured 15, 20, 25, 30, and 35 °C in a temperature-

controlled cuvette (Hubbard et al. 1995) and the closed-system IRGA described above. Foliar

11
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respiration was standardized to 25°C using Q) specific to each of the four species and two
canopy layers. Wood CO; efflux was also standardized to 25°C, using a QO of 2, because the

wood of two tree species in the surrounding forest had Qo of 2.1 and 2.2 (Ryan et al. 1994), and

trees in tropical rainforests in Cameroon and Brazil had 1.8 and 1.6 (Meir and Grace 2002).

Data analysis

Foliar respiration and wood CO; efflux rates, standardized to 25°C, and Q) values were
compared among species and between canopy layers using both a linear model ANOVA and a
liner mixed effects model ANOVA at an experiment-wise oo = 0.05. A mixed effects model was
used because the overstory trees and understory plants were sampled in different blocks in 2009
than in 2010 with unequal block replicates, and block nested within year was included as a
random intercept. The model’s independent variables were linear combinations of species and
canopy layers, and the dependent variable was foliar respiration, the natural log of wood CO,
efflux, or Qj9. Tukey-Kramer multiple comparison procedure was used to account for
unbalanced sample sizes. The procedure yielded the same result for both fixed-effects only and
mixed-effects models, and we present the results of the simpler fixed-effects only model.

Models of foliar respiration and wood CO, efflux and various predictor variables were
constructed using both fixed- and mixed-effects models. Both model types produced comparable
significance and R? values for the same candidate variable combinations. For simplicity, we
report the result of fixed-effects model, but the reported R” values may slightly overestimate the
true value. Foliar respiration rate was modeled using three predictor variables: canopy layer
(categorical; overstory or understory), species of planted trees (categorical; Hieronyma,

Pentaclethra, Virola, or Vochysia), and a continuous variable of either LMA (g m™), leaf N

12
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255
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259

content (g m?), or photosynthetic capacity (umol m?s™). Because all understory samples were
taken at ground level (at the same height), we examined the contribution of height of the foliage
using height as the continuous variable replacing canopy layer. The predictor variables and their
interactions were sequentially omitted from the full model (with all three variables and their
interactions) and examined for their significance in predicting foliar respiration.

Wood CO; efflux was modeled with three predictor variables: canopy layer, species, and
a continuous variable of wood surface area to mass ratio enclosed within the measurement
chamber. The ratio was used to determine whether wood CO, efflux was related to surface area
or mass (Levy and Jarvis 1998). The ratio was defined as mass per surface area for modeling
area-based rate, and as surface area per mass for mass-based rate: if wood CO, efflux per unit
surface area is related to mass per surface area, wood CO; efflux is related to mass, and if wood
CO; efflux per unit mass is related to surface area per mass, wood CO, efflux is related to
surface area (Levy and Jarvis 1998). We separately examined the contribution of wood height as
the continuous variable. All analysis were done in R (R Core Team 2014), with Ime4 (Bates et
al. 2012), multcomp (Hothorn et al. 2008), and MASS (Venables and Ripley 2002) packages,

and plotted with ggplot2 package (Wickham 2009).

Results

Foliar respiration rates varied more within a species than among species, and were higher
for the overstory (Fig. 2.1a, P <0.01). Average foliar respiration in the overstory was about
three times that in the understory: 0.78 vs. 0.27 pmol m™ s for Hieronyma, 0.70 vs. 0.19 pmol
m?s™ for Pentaclethra, 0.66 vs. 0.28 pmol m™ s for Virola, and 0.80 vs. 0.26 pmol m™s™ for

Vochysia. Pair-wise comparisons of foliar respiration rates within species and canopy layers

13
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(because of a significant interaction in the main effects, P < 0.01), showed higher rates for
Hieronyma and Vochysia than for Virola, while Pentaclethra did not differ from others. Foliar
respiration did not differ among species for the understory.

Wood CO; efflux was also as much as two times higher in the overstory than in the
understory (Fig. 2.1b, P < 0.01), with means of 1.6 vs. 0.88 pumol m™ s™ for Hieronyma, 1.4 vs.
0.90 pmol m? s for Pentaclethra, 0.97 vs. 0.87 umol m™ s for Virola, and 1.0 vs. 0.60 pmol
m?s™ for Vochysia. Pair wise comparisons of CO, efflux rates within species and canopy layers
(because of a significant interaction in the main effects, P < 0.03) showed that the overstory CO,
efflux rate differed from the understory for all species except Virola. Overstory wood CO,
efflux rates were higher in Hieronyma and Pentaclethra than in Virola and Vochysia, and rates

for understory wood were similar among species.

Hypothesis 1: The variation in foliar respiration among species and canopy layers is related to
mass, N content, and photosynthetic capacity

Foliar respiration rate varied with LMA, N content, and photosynthetic capacity strongly
across canopy layers but only marginally within (Fig. 2.2). The variation in foliar respiration
was explained well by the analysis of covariance models with only the single factor of LMA, N
content, or photosynthetic capacity (Fig. 2.2, thin lines; Table 2.2). However, canopy layer
explained more variability than those leaf traits, and with canopy layer in the model, model
performance improved only slightly by adding LMA, N content, or photosynthetic capacity
(Table 2.2). The relationship between foliar respiration rate and LMA, N content, or
photosynthetic capacity also had much lower slope within a canopy layer than across (Fig 2.2,

thick lines).

14
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Height related changes in LMA, N content, and photosynthetic capacity explained most
of the variation in foliar respiration rate across canopy layers. We calculated foliar respiration
rate per unit mass, per unit N, and per unit photosynthetic capacity to account for height related
changes in LMA, N content, and photosynthetic capacity (Fig. 2.3). For every meter in height,
the respiration rates increased only slightly with height for both mass based rate (P < 0.01, R* =
0.07, y=0.070x + 5.4 nmol g s™') and N based rate (P < 0.01, R =0.11, y = 0.0038x + 0.25
umol g N's™), while photosynthetic capacity based rate did not change (P = 0.73, y = 0.066).
Height alone explained area based respiration rate well (Fig. 2.3, P < 0.01, R =0.68, y = 0.021x
+0.23 pmol m? s™), and model R? slightly but always increased when canopy layer was
replaced with height for area based respiration rate (Table 2.2).

Photosynthetic capacity best explained the variation among species in foliar respiration
(Table 2.2). In the model analysis, adding species failed to improve the model fit if the models
already contained canopy layer and photosynthetic capacity (P = 0.08) but improved fit if the
models contained canopy layer and LMA or N content (Table 2.2). Surprisingly, N content
explained the least amount of the variation among species, primarily because Pentaclethra, the
N-fixing species, had much lower foliar respiration rate per g N (P <0.01). Its foliage on
average contained 42 % more N than other leaves of overstory species, but had similar foliar

respiration rate per unit area (Fig. 2.1).

Hypothesis 2: Short-term temperature response of foliar respiration will vary with respiration
rate
Instantaneous temperature response (Q)¢) of foliar respiration did not vary with

respiration rate (P = 0.80). The values of Qo were similar for all species and canopy layers,
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except for Pentaclethra foliage in the overstory. The mean values of Oy were, Hieronyma = 1.6,
Pentaclethra = 2.6, Virola = 1.6, Vochysia = 1.8 for overstory; and 1.9, 1.7, 1.5, and 1.4

respectively in the understory.

Hypothesis 3: The variation in wood CO; efflux is related to growth process (surface area) not
maintenance (biomass)

Surface area better explained the variability in wood CO; efflux than did mass (Fig. 2.4),
but both were significant (P < 0.01; Fig. 2.4). The greater R’ for the relationship indicating
surface area (0.49 vs. 0.31) suggests that growth processes contribute more to efflux than does
the maintenance of woody tissues (Levy and Jarvis 1998). We used rates based on surface area
for further analysis to account for the relationship between growth processes and wood CO,
efflux, and the variation in the efflux rate per surface area was only marginally related to canopy
layer (R*=0.07,P<0.01) species (R*=0.05, P<0.01), or the two combined (R*=0.14, P <
0.01). Unlike foliar respiration, wood CO, efflux per unit surface area slightly decreased with

height (P < 0.01, R* = 0.01, slope = 0.99).

Hypothesis 4: Variability in foliage respiration and wood CO; efflux with species and canopy
position will bias ecosystem estimates if measurements are taken at a single point

Because foliar respiration rate at the leaf level was higher in the overstory than in the
understory, measurements taken only in either one would produce biased estimates of foliar
respiration for the ecosystem (Fig. 2.5). As an example, consider a forest with an LAI of six,
four in the overstory and two in the understory, with the mean foliar respiration rates of this

study, 0.25 pmol m™ s in the understory and 0.74 pmol m™s™ in the overstory. This would
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yield an ecosystem estimate of 3.5 pmol m™ ground s™', compared with 4.4 pmol m™ s™ if just
the overstory was sampled, or 1.5 pmol m™ s™ if just the understory were sampled. A sampling
scheme focused on fewer samples would also likely bias the ecosystem estimate, given the large
within-species variability.

Unlike foliar respiration, variation in wood CO, efflux was not well explained by the
canopy layer when differences in the ratio of wood surface area to mass were accounted for, and
extrapolations based on surface area are unlikely to produce bias estimates of wood CO, efflux.
Wood surface area is rarely measured however, and most often wood mass is used to extrapolate
chamber measurements to the stand. Mass based measurements of wood CO, efflux increases
for wood as diameter decreases, and because smaller diameter branches and stems have higher
efflux, extrapolation using rates per mass and wood biomass will underestimate stand wood CO,
efflux (Fig. 2.6). With a wood mass of 20,000 g m™, and 1/3 of that with diameter < 10 cm,
wood CO; efflux for the stand would be 1.2 pmol m? s (using the mean efflux for wood with
diameter > 10 cm in this study of 0.06 nmol CO, g’ s™). Accounting for higher mean wood CO,
efflux rate for small wood (0.22 nmol CO, g”' s™) yielded a stand-level estimate of 2.3 pmol m™
s, The larger the fraction of large wood in the forest, the lower the bias would be.

The temperature response of foliar respiration differed among species, but the difference
produced only a minor bias compared with a single temperature response because temperature
varies very little in this forest (Fig. 2.7). Agren and Axelsson (1980)(Agren and Axelsson 1980)
derived a formula to calculate the effect on respiration sums from variation in daily and annual
temperature relative to constant temperature, and we calculated how this effect changes with Q.
The difference in the lowest to highest Qo we observed (1.4 to 2.6) increased the annual CO,

efflux estimated from mean temperature by 1.04 to 1.16 with an daily and annual amplitude of
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2°C and 8 °C, within a range of historic values (McDade 1994). Annual fluxes could be

estimated with low bias from mean annual temperature and common Q.

Discussion
Foliar respiration was only weakly related to mass, N, and photosynthetic rate within the
overstory and understory

Leaf N content, photosynthetic capacity, or LMA were of minor importance in explaining
the variability of foliar respiration within a canopy layer (Fig. 2.2). These weak relationships
suggest that predictions of the worldwide leaf economic spectrum (Wright et al. 2004, Shipley et
al. 2006) may not be appropriate for explaining differences within a canopy. This is not to say
that the maintenance of dry mass and proteins, especially those associated with photosynthesis, is
unrelated to foliar respiration. Across canopy layers, the variability of foliar respiration did
follow the predictions of the spectrum as we hypothesized (Fig. 2.2), consistent with existing
data in the neotropics (Oberbauer and Strain 1986, Meir et al. 2001, Domingues et al. 2005,
Cavaleri et al. 2008, Ryan et al. 2009, Metcalfe et al. 2010). However, the weak relationships
within a canopy layer suggests that foliar respiration in these species includes components
unrelated to maintenance respiration, such as overflow respiration to decrease excess
carbohydrates, respiration to fuel phloem loading, and respiration for ion gradient maintenance
(Penning de Vries 1975, Bouma et al. 1995, Amthor 2000, Cannell and Thornley 2000).
Presence of these components is supported by existing data as well. In the surrounding primary
forest, foliar respiration increased with height even for mass based and N based rates accounting
for height related changes in LMA and N content (~0.08 nmol g s™ and ~0.004 pmol g’ N's™

for every meter; Cavaleri et al 2008). Mass based foliar respiration rate increased 43% under
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imposed drought from rainfall exclusion (Metcalfe et al. 2010), and area based foliar respiration
rate increased 60 — 250% during the dry season in the Amazon (Miranda et al. 2005). Hourly
rates of foliar respiration varied diurnally between 0.34 —0.74 pmol m™ s without a clear
pattern (Chambers et al. 2004). Determining how foliar respiration reflects components
unrelated to maintenance respiration will not only improve the accuracy of stand level estimates
and account for special and temporal variations, but also of prediction of foliar respiration

response under climate change.

Wood CO; efflux rates and patterns between plantation secondary forests and primary forests
Wood CO; efflux rates and their variability were generally similar to the studies in the
primary forests. The rates we observed are consistent with those measured at the ground level on
two different species of the primary forest in an earlier study (~1.0 umol m?s?, Ryan et al
1994), on wood > 10 cm in diameter in lowland Amazon forest (~1.1 pmol m™? s, Robertson et
al 2010) and in Eucalyptus plantations in Hawaii and Brazil (0.06 nmol g s™ this study; ~0.06
nmol g s™', Ryan et al 2009). We found that wood CO, vary considerably from 0.09 to 3.9
umol m?s™, and the variation was mostly unrelated to species and canopy layer. The variability
was also large in primary forests (in pmol m™2s™: 0.1 — 5.2, Meir and Grace 2002, 0.03 — 3.6,
Chambers et al 2004, ~0 — 4.5, Cavaleri et al 2006, ~0 — 4.5, Robertson et al 2010), but smaller
for two species of trees in the surrounding primary forest (0.3 — 2.1, Ryan et al. 1994) perhaps
due to smaller sample size. The variability was related to both growth and maintenance
processes, and the relationships were fairly similar among species and canopy layers, also

consistent with other studies (Ryan et al. 1994, Meir and Grace 2002, Robertson et al 2010).
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Respiratory cost of growth and maintenance may be well conserved within a functional group in
tropical forests.

An exception was the higher wood CO, efflux from large diameter wood and the lack of
increase in wood CO; efflux with height compared to the observations in the primary forest
(Cavaleri et al. 2006). Wood CO, efflux for larger diameter wood averaged 1.2 pmol m™ s at
ground level and slightly decreased with height in the secondary forest, compared to ~0.8 at the
ground level increasing to ~1.7 pmol m™ s™" in the upper canopy of the primary forest (Cavaleri
et al. 2006). The difference may be related to some combination of greater proportion of large
size classes, higher growth rate for branches in upper canopy (Ryan et al. 1994, Ryan et al.
2009), or composition of species or functional groups (Cavaleri et al. 2006). These
interpretations are complicated by limits to radial diffusion of CO, in wood. The interpretations
assume that local processes alone cause the variation in chamber measurements, but wood tissue,
especially cambium, limits radial diffusion of CO; and causes CO, from elsewhere in the stem or
roots to dissolve in xylem and phloem streams and be transported to the site of measurement
(McGuire and Teskey 2004, Spicer and Holbrook 2005, Teskey et al. 2008, Aubrey and Teskey
2009, Trumbore et al. 2012). The diffusion barrier itself may explain why wood CO, efflux was

proportional to surface in this study.

Sampling scheme reduce bias in estimating annual aboveground autotrophic respiration

Our results suggest a vertical transect to reduce bias in estimates of annual aboveground
autotrophic respiration for a wet tropical forest. Sampling within a canopy layer or at any
position within the canopy fails to measure the substantial variation in foliar respiration within

the upper and lower canopy and with height (Fig. 2.2), primarily driven by the differences in
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respiration rates among sampling positions and not the distribution of LAI (Fig. 2.5). Cavaleri et
al. (2008) showed that when full vertical transect is taken, overall mean respiration rate and LAI
produces similar estimates compared to more complex models with height structure. Taken
together, they suggest that simple extrapolation models with mean respiration rate and stand LAI
produces unbiased estimates of ecosystem foliar respiration as long as the vertical transect is
made to capture the variability in respiration rate along height. Similarly, unbiased estimates of
ecosystem wood CO, efflux may require a vertical transect, although our results suggests that
stand level estimates may be made with little bias if enough small diameter wood can be sampled
at the ground level, as wood size was the primary cause of the variation in wood CO, efflux.

Our finding contradicted the observations in the primary forest, and thus vertical transect should
be sampled, if only to test whether wood CO; efflux changes with height.

Though ecosystem respiration may be uniquely aseasonal in wet tropical forests, the
variation in foliar respiration and wood CO, efflux may be common in all forests. The forest in
this study has some seasonality in air temperature and rainfall, with slightly less wet season in
the spring months (McDade 1994). We measured wood CO, efflux during the wet season in
2009 and again during the less wet season in 2010 on the same individual, and all species had
similar wood CO; efflux at 1.4 m height (P = 0.26), except Hieronyma. The difference in wood
CO; efflux for Hieronyma was small, 1.9 pmol m™ s in 2009 and decreased to 1.6 pmol m™ s™
in 2010 (P <0.01). Wood CO, efflux at breast height showed no clear seasonality in a more
detailed measurement in the primary forest (Cavaleri et al. 2006). The smaller temperature
fluctuation also reduces the effect of O} on annual estimates of respiratory flux (Fig. 2.7). This
evidence combined support the idea that plant respiration can be estimated and studied from

measurements made once or twice a year (Yoda et al. 1965, Ryan et al. 1994, Chambers et al.
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2004, Cavaleri et al. 2006). However, tropical forests may not be unique in the variation in foliar
respiration and wood CO, efflux within and among canopy layers. Foliar respiration varies
within a canopy in other forests likely as a function of light and height (Brooks et al. 1991,
Bolstad et al. 1999, Griffin et al. 2001, Law et al. 2001, Rayment et al. 2002, Turnbull et al.
2003). Wood CO, efflux varies within canopy also, as a function of size and height (Lavigne

1988, Sprugel 1990, Edwards and Hanson 1996, Ceschia et al. 2002, Damesin et al. 2002).

Conclusions

Foliar respiration varied a little among species and more substantially between canopy
layers. The variation was related to LMA, leaf N, and photosynthetic capacity across canopy
layers, but only marginally within, perhaps because foliar respiration includes a substantial
contribution from components unrelated to maintenance. Wood CO; efflux varied slightly
among species and canopy layers and much more within, and the variation was related to the
ratio of wood mass to surface area. Wood CO; efflux may depend on wood growth, but other
factors such as diffusion and CO, dissolved in xylem stream may need to be accounted for.
Temperature response was similar for all but Pentaclethra, and relatively constant temperature
reduced the effect of different O)¢ in producing a bias in annual estimates. Our results suggest
that chamber measurements of foliar respiration can be extrapolated to the canopy with rates and
leaf area specific to each canopy layer or height class. Alternatively, if area-based rates are
sampled throughout the canopy, mean respiration rate per unit mass derived by regressing the
area-based rate against leaf mass per area can be extrapolated to the stand using total leaf mass.
Mean wood CO; efflux rate per unit surface area, derived by regressing CO, efflux per unit mass

against the ratio of surface area to mass, can be extrapolated to the stand using total woody tissue
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surface area. For these species and this forest, vertical sampling may yield more accurate

estimates than would temporal sampling.

Acknowledgements

We thank Ann Russell and James Raich, the PIs of ECOS project
(http://www.nrem.iastate.edu/ECOS/home) of which this research was a part. We thank Flor
Cascante, Eduardo Paniagua, Marlon Hernandez, and tower crew for assistance with field data
collection, and Benjamin Bird for assistance with statistical analysis. We thank the Organization

for Tropical Studies (OTS) for logistical support.

Funding
This research was supported by National Science Foundation grants EF-0236502 and DEB-
0703561. M.G.R. was partially supported by Australia’s Commonwealth Scientific and

Industrial Research Organization (CSIRO) McMaster Fellowship.

23

http://mc.manuscriptcentral.com/tp



©CoO~NOUTA,WNPE

481

482
483

484
485

486
487

488
489

490
491

492

493
494

495
496
497
498

499
500
501

502
503

504
505

506
507

508
509

510
511

512
513

Manuscripts submitted to Tree Physiology Page 24 of 124

References

Agren GI, Axelsson B (1980) Population respiration: A theoretical approach. Ecological
Modelling 11:39-54.

Amthor JS (2000) The McCree-de Wit-Penning de Vries-Thornley respiration paradigms: 30
years later. Annals of Botany 86:1-20.

Atkin O (2003) Thermal acclimation and the dynamic response of plant respiration to
temperature. Trends Plant Sci 8:343-351.

Atkin OK, Bruhn D, Hurry VM, Tjoelker MG (2005) The hot and the cold: unravelling the
variable response of plant respiration to temperature. Functional Plant Biol 32:87-105.

Aubrey DP, Teskey RO (2009) Root-derived CO, efflux via xylem stream rivals soil CO, efflux.
New Phytologist 184:35—40.

Bates D, Maechler M, Bolker B (2012) Ime4: Linear mixed-effects model using S4 classes.

Bolstad PV, Mitchell K, Vose JM (1999) Foliar temperature-respiration response functions for
broad-leaved tree species in the southern Appalachians. Tree Physiology 19:871-878.

Bouma TJ, De Visser R, Van Leeuwen PH, De Kock MJ, Lambers H (1995) The respiratory
energy requirements involved in nocturnal carbohydrate export from starch-storing mature

source leaves and their contribution to leaf dark respiration. Journal of Experimental Botany
46:1185-1194.

Bowman WP, Barbour MM, Turnbull MH, Tissue DT, Whitehead D, Griffin KL (2005) Sap
flow rates and sapwood density are critical factors in within- and between-tree variation in CO,
efflux from stems of mature Dacrydium cupressinum trees. New Phytologist 167:815-828.

Braswell BH, Schimel DS, Linder E, Moore B (1997) The response of global terrestrial
ecosystems to interannual temperature variability. Science 278:870—873.

Brooks JR, Hinckley TM, Ford ED, Sprugel DG (1991) Foliage dark respiration in Abies
amabilis (Dougl.) Forbes: variation within the canopy. Tree Physiology 9:325-338.

Cannell MGR, Thornley JHM (2000) Modelling the components of plant respiration: Some
guiding principles. Annals of Botany 85:45-54.

Cao M, Woodward FI (1998) Dynamic responses of terrestrial ecosystem carbon cycling to
global climate change. Nature 393:249-252.

Cavaleri MA, Oberbauer SF, Ryan MG (2006) Wood CO, efflux in a primary tropical rain
forest. Glob Change Biol 12:2442-2458.

Cavaleri MA, Oberbauer SF, Ryan MG (2008) Foliar and ecosystem respiration in an old-growth
tropical rain forest. Plant Cell Environ 31:473-483.

24

http://mc.manuscriptcentral.com/tp



Page 25 of 124 Manuscripts submitted to Tree Physiology

©CoO~NOUTA,WNPE

514
515

516
517

518
519
520

521
522

523
524

525
526
527

528
529

530
531
532
533
534

535
536

537
538

539
540
541

542
543

544
545

546
547

Cernusak LA, Marshall JD (2000) Photosynthetic refixation in branches of Western White Pine.
Funct Ecol 14:300-311.

Ceschia E, Damesin C, Lebaube S, Pontailler J-Y, Dufréne E (2002) Spatial and seasonal
variations in stem respiration of beech trees (Fagus sylvatica). Ann For Sci 59:801-812.

Chambers JQ, Tribuzy ES, Toledo LC, Crispim BF, Higuchi N, Santos dos J, Araujo AC, Kruijt
B, Nobre AD, Trumbore SE (2004) Respiration from a tropical forest ecosystem: Partitioning of
sources and low carbon use efficiency. Ecological Applications 14:S72—S8&8.

Chapin FS (1989) The cost of tundra plant structures - Evaluation of concepts and currencies.
Am Nat 133:1-19.

Charles-Edwards DA (1981) The mathematics of photosynthesis and productivity. Academic
Press.

Clark DA, Piper SC, Keeling CD, Clark DB (2003) Tropical rain forest tree growth and
atmospheric carbon dynamics linked to interannual temperature variation during 1984-2000.
Proceedings of the National Academy of Sciences 100:5852—-5857.

Cox PM, Betts RA, Jones CD, Spall SA, Totterdell 1J (2000) Acceleration of global warming
due to carbon-cycle feedbacks in a coupled climate model. Nature 408:184—187.

Cramer W, Bondeau A, Woodward FI, Prentice IC, Betts RA, Brovkin V, Cox PM, Fisher V,
Foley JA, Friend AD, Kucharik C, Lomas MR, Ramankutty N, Sitch S, Smith B, White A,
Young-Molling C (2001) Global response of terrestrial ecosystem structure and function to CO,

and climate change: results from six dynamic global vegetation models. Glob Change Biol
7:357-373.

Damesin C, Ceschia E, Le Goff N, Ottorini JM, Dufréne E (2002) Stem and branch respiration of
beech: from tree measurements to estimations at the stand level. New Phytologist 153:159-172.

DeLucia EH, Drake JE, Thomas RB, Gonzalez-Meler M (2007) Forest carbon use efficiency: is
respiration a constant fraction of gross primary production? Glob Change Biol 13:1157-1167.

Domingues TF, Berry JA, Martinelli LA, Ometto J, Ehleringer JR (2005) Parameterization of
canopy structure and leaf-level gas exchange for an eastern Amazonian tropical rain forest
(Tapajos National Forest, Para, Brazil). Earth Interactions 9.

Edwards NT, Hanson PJ (1996) Stem respiration in a closed-canopy upland oak forest. Tree
Physiology 16:433—-439.

Evans JR (1989) Photosynthesis and nitrogen relationship in leaves of C-3 plants. Oecologia
78:9-19.

Fan S-M, Wofsy SC, Bakwin PS, Jacob DJ, Fitzjarrald DR (1990) Atmosphere-biosphere
exchange of CO, and Oj in the central Amazon Forest. J] Geophys Res 95:16851.

25

http://mc.manuscriptcentral.com/tp



©CoO~NOUTA,WNPE

548
549
550

551
552

553
554
555

556
557
558

559
560

561
562

563
564

565
566
567

568
569
570

571
572
573

574
575

576
577

578
579
580

581
582

Manuscripts submitted to Tree Physiology Page 26 of 124

Field CB, Mooney HA (1986) The photosynthesis-nitrogen relationship in wild plants. In:
Givnish TJ, editor. On the economy of plant form and function. Cambridge: Cambridge
University Press. pp. 22-55.

Fisher RF (1995) Amelioration of degraded rain forest soils by plantations of native trees. Soil
Sci Soc Am J 59:544-549.

Grace J, Lloyd J, MclIntyre J, Miranda AC, Meir P, Miranda HS, Nobre C, Moncrieft J,
Massheder J, Malhi Y, Wright I, Gash J (1995) Carbon dioxide uptake by an undisturbed tropical
rain forest in southwest Amazonia, 1992 to 1993. Science 270:778-780.

Griffin KL, Tissue DT, Turnbull MH, Schuster W, Whitehead D (2001) Leaf dark respiration as
a function of canopy position in Nothofagus fusca trees grown at ambient and elevated CO,
partial pressures for 5 years. Funct Ecol 15:497-505.

Hothorn T, Bretz F, Westfall P (2008) Simultaneous inference in general parametric models.
Biometrical Journal 50:346-363.

Hubbard RM, Ryan MG, Lukens DL (1995) A simple, battery-operated, temperature-controlled
cuvette for respiration measurements. Tree Physiology 15:175-179.

Kindermann J, Wurth G, Kohlmaier GH, Badeck FW (1996) Interannual variation of carbon
exchange fluxes in terrestrial ecosystems. Global Biogeochem Cycles 10:737-755.

Kleber M, Schwendenmann L, Veldkamp E, R68ner J, Jahn R (2007) Halloysite versus gibbsite:
Silicon cycling as a pedogenetic process in two lowland neotropical rain forest soils of La Selva,
Costa Rica. Geoderma 138:1-11.

Lavigne MB (1988) Stem growth and respiration of young balsam fir trees in thinned and
unthinned stands. Canadian Journal of Forest Research-Revue Canadienne De Recherche
Forestiere 18:483-489.

Law BE, Kelliher FM, Baldocchi DD, Anthoni PM, Irvine J, Moore D, Van Tuyl S (2001)
Spatial and temporal variation in respiration in a young ponderosa pine forest during a summer
drought. Agricultural and Forest Meteorology 110:27-43.

Levy PE, Jarvis PG (1998) Stem CO, fluxes in two Sahelian shrub species (Guiera senegalensis
and Combretum micranthum). Funct Ecol 12:107-116.

Litton CM, Raich JW, Ryan MG (2007) Carbon allocation in forest ecosystems. Glob Change
Biol 13:2089-2109.

Loescher HW, Oberbauer SF, Gholz HL, Clark DB (2003) Environmental controls on net
ecosystem-level carbon exchange and productivity in a Central American tropical wet forest.
Glob Change Biol 9:396—412.

Luyssaert S, Inglima I, Jung M, Richardson AD, Reichsteins M, Papale D, Piao SL, Schulzes
ED, Wingate L, Matteucci G, Aragao L, Aubinet M, Beers C, Bernhoffer C, Black KG, Bonal D,

26

http://mc.manuscriptcentral.com/tp



Page 27 of 124 Manuscripts submitted to Tree Physiology

©CoO~NOUTA,WNPE

583
584
585
586
587
588
589
590

591
592

593
594
595

596
597

598
599

600
601

602
603

604
605

606
607
608
609

610
611
612

613
614
615

616
617
618

Bonnefond JM, Chambers J, Ciais P, Cook B, Davis KJ, Dolman AJ, Gielen B, Goulden M,
Grace J, Granier A, Grelle A, Griffis T, Grunwald T, Guidolotti G, Hanson PJ, Harding R,
Hollinger DY, Hutyra LR, Kolar P, Kruijt B, Kutsch W, Lagergren F, Laurila T, Law BE, Le
Maire G, Lindroth A, Loustau D, Malhi Y, Mateus J, Migliavacca M, Misson L, Montagnani L,
Moncrieff J, Moors E, Munger JW, Nikinmaa E, Ollinger SV, Pita G, Rebmann C, Roupsard O,
Saigusa N, Sanz MJ, Seufert G, Sierra C, Smith ML, Tang J, Valentini R, Vesala T, Janssens [A
(2007) CO, balance of boreal, temperate, and tropical forests derived from a global database.
Glob Change Biol 13:2509-2537.

Malhi Y (2012) The productivity, metabolism and carbon cycle of tropical forest vegetation.
Journal of Ecology 100:65-75.

Malhi Y, Doughty C, Galbraith D (2011) The allocation of ecosystem net primary productivity in
tropical forests. Philosophical Transactions of the Royal Society B: Biological Sciences
366:3225-3245.

Malhi Y, Nobre AD, Grace J, Kruijt B, Pereira MGP, Culf A, Scott S (1998) Carbon dioxide
transfer over a Central Amazonian rain forest. ] Geophys Res 103:31593.

McDade LA (1994) La Selva: Ecology and Natural History of a Neotropical Rain Forest.
Chicago: University of Chicago Press

McGuire MA, Teskey RO (2004) Estimating stem respiration in trees by a mass balance
approach that accounts for internal and external fluxes of CO,. Tree Physiology 24:571-578.

Meir P, Grace J (2002) Scaling relationships for woody tissue respiration in two tropical rain
forests. Plant Cell Environ 25:963-973.

Meir P, Grace J, Miranda AC (2001) Leaf respiration in two tropical rainforests: constraints on
physiology by phosphorus, nitrogen and temperature. Funct Ecol 15:378-387.

Metcalfe DB, Lobo-do-Vale R, Chaves MM, Maroco JP, Aragao L, Malhi Y, Da Costa AL,
Braga AP, Goncalves PL, De Athaydes J, Da Costa M, Almeida SS, Campbell C, Hurry V,
Williams M, Meir P (2010) Impacts of experimentally imposed drought on leaf respiration and
morphology in an Amazon rain forest. Funct Ecol 24:524—-533.

Miranda EJ, Vourlitis GL, Filho NP, Priante PC, Campelo JH, Suli GS, Fritzen CL, de Almeida
Lobo F, Shiraiwa S (2005) Seasonal variation in the leaf gas exchange of tropical forest trees in
the rain forest—savanna transition of the southern Amazon Basin. J Trop Ecol 21:451-460.

Mitchell KA, Bolstad PV, Vose JM (1999) Interspecific and environmentally induced variation
in foliar dark respiration among eighteen southeastern deciduous tree species. Tree Physiology
19:861-870.

Oberbauer SF, Strain BR (1986) Effects of canopy position and irradiance on the leaf physiology
and morphology of Pentaclethra macroloba (Mimosaceae). American Journal of Botany
73:409-416.

: 27
http://mc.manuscriptcentral.com/tp



©CoO~NOUTA,WNPE

619
620

621
622

623
624
625

626
627

628

629
630

631
632

633
634

635
636

637
638
639

640
641
642

643
644
645

646
647
648

649
650

651
652

Manuscripts submitted to Tree Physiology Page 28 of 124

Penning de Vries FWT (1975) The cost of maintenance processes in plant cells. Annals of
Botany 39:77-92.

Penning de Vries FWT, Brunsting AHM, van Laar HH (1974) Products, requirements and
efficiency of biosynhtesis: A quantitative approach. Journal of Theoretical Biology 45:339-377.

Phillips OL, Malhi Y, Higuchi N, Laurance WF, Nunez PV, Vasquez RM, Laurance SG, Ferreira
LV, Stern M, Brown S, Grace J (1998) Changes in the carbon balance of tropical forests:
Evidence from long-term plots. Science 282:439-442.

Poorter H, Bergkotte M (1992) Chemical composition of 24 wild species differing in relative
growth rate. Plant Cell Environ 15:221-229.

R Core Team (2014) R: A Language and Environment for Statistical Computing. r-projectorg.

Raich JW, Russell AE, Bedoya-Arrieta R (2007) Lignin and enhanced litter turnover in tree
plantations of lowland Costa Rica. For Ecol Manage 239:128—135.

Raich JW, Russell AE, Valverde-Barrantes O (2009) Fine root decay rates vary widely among
lowland tropical tree species. Oecologia 161:325-330.

Rayment MB, Loustau D, Jarvis PJ (2002) Photosynthesis and respiration of black spruce at
three organizational scales: shoot, branch and canopy. Tree Physiology 22:219-229.

Reich PB, Tjoelker MG, Machado JL, Oleksyn J (2006) Universal scaling of respiratory
metabolism, size and nitrogen in plants. Nature 439:457-461.

Robertson AL, Malhi Y, Farfan-Amezquita F, Aragao LEOC, Silva Espejo JE, Robertson MA
(2010) Stem respiration in tropical forests along an elevation gradient in the Amazon and Andes.
Glob Change Biol 16:3193-3204.

Russell AE, Raich JW (2012) Rapidly growing tropical trees mobilize remarkable amounts of
nitrogen, in ways that differ surprisingly among species. Proceedings of the National Academy
of Sciences 109:10398—-10402.

Russell AE, Raich JW, Arrieta RB, Valverde-Barrantes O, Gonzalez E (2010) Impacts of
individual tree species on carbon dynamics in a moist tropical forest environment. Ecological
Applications 20:1087—-1100.

Ryan MG (1990) Growth and maintenance respiration in stems of Pinus contorta and Picea
engelmannii. Canadian Journal of Forest Research-Revue Canadienne De Recherche Forestiere
20:48-57.

Ryan MG (1991) Effects of climate change on plant respiration. Ecological Applications 1:157—
167.

Ryan MG (1995) Foliar maintenance respiration of subalpine and boreal trees and shrubs in
relation to nitrogen content. Plant Cell Environ 18:765-772.

28

http://mc.manuscriptcentral.com/tp



Page 29 of 124 Manuscripts submitted to Tree Physiology

©CoO~NOUTA,WNPE

653
654

655
656

657
658
659

660
661
662

663
664

665
666
667

668
669
670

671
672
673

674
675

676
677

678
679
680

681
682
683

684
685
686

687

Ryan MG, Binkley D, Fownes JH, Giardina CP, Senock RS (2004) An experimental test of the
causes of forest growth decline with stand age. Ecological Monographs 74:393—414.

Ryan MG, Cavaleri MA, Almeida AC, Penchel R, Senock RS, Stape JL (2009) Wood CO, efflux
and foliar respiration for Eucalyptus in Hawaii and Brazil. Tree Physiology 29:1213-1222.

Ryan MG, Hubbard RM, Clark DA, Sanford RL (1994) Woody-tissue respiration for Simarouba
amara and Minquartia guianensis, two tropical wet forest trees with different growth habits.
Oecologia 100:213-220.

Ryan MG, Lavigne MB, Gower ST (1997) Annual carbon cost of autotrophic respiration in
boreal forest ecosystems in relation to species and climate. Journal of Geophysical Research-
Atmospheres 102:28871-28883.

Shipley B, Lechowicz MJ, Wright I, Reich PB (2006) Fundamental trade-offs generating the
worldwide leaf economics spectrum. Ecology 87:535-541.

Spicer R, Holbrook NM (2005) Within-stem oxygen concentration and sap flow in four
temperate tree species: does long-lived xylem parenchyma experience hypoxia? Plant Cell
Environ 28:192-201.

Sprugel D (1990) Components of woody-tissue respiration in young Abies amabilis (Dougl.)
Forbes trees. Trees [Internet] 4:88—98. Available from:
http://link.springer.com/article/10.1007/BF00226071

Sprugel DG, Ryan MG, Brooks RJ, Vogt KA, Martin TA (1995) Respiration from the organ
level to the stand. In: Smith WK, Hinckley TM, editors. Resource Physiology of Conifers. San
Diego: Academic Press, Inc. pp. 255-299.

Teskey RO, Saveyn A, Steppe K, McGuire MA (2008) Origin, fate and significance of CO, in
tree stems. New Phytologist 177:17-32.

Thornley JHM, Cannell MGR (2000) Modelling the components of plant respiration:
Representation and realism. Annals of Botany 85:55-67.

Tian H, Melillo JM, Kicklighter DW, McGuire AD, Helfrich JVK, Moore B, Vorosmarty CJ
(1998) Effect of interannual climate variability on carbon storage in Amazonian ecosystems :
Abstract : Nature. Nature 396:664—667.

Trumbore SE, Angert A, Kunert N, Muhr J, Chambers JQ (2012) What's the flux? Unraveling
how CO, fluxes from trees reflect underlying physiological processes. New Phytologist
197:353-355.

Turnbull MH, Tissue DT, Griffin KL, Richardson SJ, Peltzer DA, Whitehead D (2005)
Respiration characteristics in temperate rainforest tree species differ along a long-term soil-
development chronosequence. Oecologia 143:271-279.

Turnbull MH, Whitehead D, Tissue DT, Schuster WSF, Brown KJ, Griftin KL (2003) Scaling

29

http://mc.manuscriptcentral.com/tp



©CoO~NOUTA,WNPE

688

689
690

691
692

693
694

695

696
697

698
699

700
701
702
703
704

705
706

707
708
709

710

711

Manuscripts submitted to Tree Physiology Page 30 of 124

foliar respiration in two contrasting forest canopies. Funct Ecol 17:101-114.

Venables WN, Ripley BD (2002) Modern Applied Statistics with S. Fourth Edition. New Y ork:
Springer

Waring RH, Landsberg JJ, Williams M (1998) Net primary production of forests: a constant
fraction of gross primary production? Tree Physiology 18:129-134.

White A, Cannell MGR, Friend AD (2000) CO, stabilization, climate change and the terrestrial
carbon sink. Glob Change Biol 6:817-833.

Wickham H (2009) ggplot2: Elegant Graphics for Data Analysis. Springer

Williams K, Field CB, Mooney HA (1989) Relationships among leaf construction cost, leaf
longevity, and light environment in rain-forest plants of the gegus Piper. Am Nat 133:198-211.

Williams K, Percival F, Merino J, Mooney HA (1987) Estimation of tissue construction cost
from heat of combustion and organic nitrogen content. Plant Cell Environ 10:725-734.

Wright 1J, Reich PB, Westoby M, Ackerly DD, Baruch Z, Bongers F, Cavender-Bares J, Chapin
T, Cornelissen JHC, Diemer M, Flexas J, Garnier E, Groom PK, Gulias J, Hikosaka K, Lamont
BB, Lee T, Lee W, Lusk C, Midgley JJ, Navas M-L, Niinemets U, Oleksyn J, Osada N, Poorter
H, Poot P, Prior L, Pyankov VI, Roumet C, Thomas SC, Tjoelker MG, Veneklaas EJ, Villar R
(2004) The worldwide leaf economics spectrum. Nature 428:821-827.

Yoda K (1967) Comparative ecological studies on three main types of forest vegetation in
Thailand III. Community respiration. Nature & Life in SE Asia 5:65.

Yoda K, Shinozaki K, Ogawa H, Hozumi K, Kira T (1965) Estimation of the total amount of
respiration in woody organs of trees and forest communities. Journal of Biology, Osaka City
University 16:15-26.

30

http://mc.manuscriptcentral.com/tp



Page 31 of 124 Manuscripts submitted to Tree Physiology

©CoO~NOUTA,WNPE

712

713

714

715

716

717

Table 1. Mean and maximum values of density, diameter at breast height and height, and leaf

area index (LAI) for overstory (planted) trees and understory plants of each species’ plot.

Stem
Diameter Height LAI
Density
RN (m)
(trees ha™)
Over- Under
Planted species Mean Max Mean Max Mean Max

story  -story
Hieronyma alchorneoides (HIAL) 165 176 25 33 23 47 3.7 1.6
Pentaclethra macroloba (PEMA) 294 380 21 27 14 52 5.0 1.5
Virola koschnyi (VIKO) 226 284 24 30 20 43 3.7 2.6
Vochysia guatemalensis (VOGU) 255 280 31 40 24 62 3.1 3.1
Data taken in 2009 survey as part of a larger study (ECOS,
http://www.nrem.iastate.edu/ECOS/home), and LAI taken from Russell et al (2010).
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Table 2. Values of R* for models predicting foliar respiration rate (umol CO, m™s™). All
models had P <0.01 except of species only model (NS). Continuous variables were LMA (g m’
%), N content (g m™), photosynthetic capacity (umol CO, m™ s™), and height (of foliage sample
taken, m), and categorical variables were canopy layer (overstory or understory) and species

(Hieronyma, Pentaclethra, Virola, or Vochysia).

Predictor variables R’
Species NS
Canopy layer 0.65
Species x Canopy layer 0.67
LMA 0.50
LMA x Species 0.58
LMA x Canopy layer 0.66
LMA x Canopy layer x Species 0.70
LMA x Height x Species 0.73
N content 0.45
N content x Species 0.63
N content x Canopy layer 0.66
N content x Canopy layer x Species 0.72
N content x Height x Species 0.75
Photosynthetic capacity 0.61
Photosynthetic capacity x Species 0.63
Photosynthetic capacity x Canopy layer 0.71
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Photosynthetic capacity x Height x Species 0.75
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Figure Legends

Figure 1. Box plots of per unit area foliar respiration and wood CO; efflux rates show that the
rates vary more within than between species and are generally higher in the overstory. Open
boxes represent overstory, and grey boxes represent understory. Solid squares show means. The
data were normally distributed for foliage, but were not for wood with skew toward zero and

long tail of larger flux values.

Figure 2. The variation in foliar respiration was related to LMA, N content, and photosynthetic
capacity across canopy layers but only marginally within. Filled points represent overstory, and
open points represent understory. Circles represent Hieronyma, squares Pentaclethra, diamonds
Virola, and triangles Vochysia. Thin lines were drawn across canopy layers, using the models
from Table 2.1, with only LMA (intercept = 0.067, slope = 0.0052), N content (0.088, 0.24), or
photosynthetic capacity (0.061, 0.054). Thick lines were drawn using the models with canopy
layer and LMA (intercept = 0.61, slope = 0.011 for overstory; 0.18, 0.011 for understory), N

content (0.58, 0.064; 0.26, -0.01), or photosynthetic capacity (0.42, 0.027; 0.20, 0.011).

Figure 3. Relationship between height and foliar respiration calculated as leaf area, mass, N, and
photosynthetic capacity based rates show that the increase in foliar respiration with height is
mostly explained by incrases in LMA, N content, and photosynthetic capacity. Filled points
represent overstory, and open points represent understory. Circles represent Hieronyma, squares

Pentaclethra, diamonds Virola, and triangles Vochysia. See text for regression line equations.
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Figure 4. The variation in In-transformed rate of wood CO, efflux per mass was related to
surface area per mass (top) more than log-transformed rate of wood CO; efflux per surface area
was related to mass per surface area (bottom). Regression lines were drawn with intercept = -3.2

and slope = 3.6 for top plot, and -0.66 and 0.030 for bottom plot.

Figure 5. Change in total foliar respiration estimated from leaf-level rates, assuming total LAI of
6 and understory respiration rate of 0.25 pmol m™ s™'. Total foliar respiration was
underestimated if the overstory rate was unaccounted for, and the bias increased with the ratio of
overstory to understory rates. The bias also increased slightly with the ratio of overstory to

understory LAI

Figure 6. Change in total wood CO, efflux estimated from tissue-level rates, assuming total
wood mass of 20,000 g m™ and large wood CO, efflux rate of 0.06 nmol g s™. Total wood CO,
efflux was underestimated if wood CO, efflux rate for small wood was unaccounted for, and the
bias increased with the ratio of small to large wood rates. The bias decreased with the ratio of

small to large wood mass.

Figure 7. Variation in Q) increased the multiplicative effect of temperature variation on annual
respiration estimated using constant temperature. The variation in temperature was assumed to
follow sinusoidal cycle daily and annually, and the amplitude of the annual cycle is 1/4™ of the

amplitude of the daily cycle.
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Box plots of per unit area foliar respiration and wood CO, efflux rates show that the rates vary more within
than between species and are generally higher in the overstory. Open boxes represent overstory, and grey
boxes represent understory. Solid squares show means. The data were normally distributed for foliage, but
were not for wood with skew toward zero and long tail of larger flux values.
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The variation in foliar respiration was related to LMA, N content, and photosynthetic capacity across canopy
layers but only marginally within. Filled points represent overstory, and open points represent
understory. Circles represent Hieronyma, squares Pentaclethra, diamonds Virola, and triangles

Vochysia. Thin lines were drawn across canopy layers, using the models from Table 2.1, with only LMA
(intercept = 0.067, slope = 0.0052), N content (0.088, 0.24), or photosynthetic capacity (0.061,
0.054). Thick lines were drawn using the models with canopy layer and LMA (intercept = 0.61, slope =
0.011 for overstory; 0.18, 0.011 for understory), N content (0.58, 0.064; 0.26, -0.01), or photosynthetic
capacity (0.42, 0.027; 0.20, 0.011).
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Relationship between height and foliar respiration calculated as leaf area, mass, N, and photosynthetic
capacity based rates show that the increase in foliar respiration with height is mostly explained by incrases
in LMA, N content, and photosynthetic capacity. Filled points represent overstory, and open points
represent understory. Circles represent Hieronyma, squares Pentaclethra, diamonds Virola, and triangles
Vochysia. See text for regression line equations.
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Variation in Q1o increased the multiplicative effect of temperature variation on annual respiration estimated
using constant temperature. The variation in temperature was assumed to follow sinusoidal cycle daily and
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