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Abstract Terrestrial photosynthesis requires the evaporation of water (transpiration) in exchange for Co,
needed to form sugars. The water for transpiration is drawn up through plant roots, stem, and branches via a
water potential gradient. However, this flow of water—or sap ascent—requires energy to lift the water to the
canopy and to overcome the resistance of the plant’s water transporting xylem. Here, we use a combination
of field measurements of plant physiology (hydraulic conductivity) and state-of-the-science global estimates
of transpiration to calculate how much energy is passively harvested by plants to power the sap ascent pump
across the world’s terrestrial vegetation. Globally, we find that 0.06 W/m? is consumed in sap ascent over
forest dominated ecosystems or 9.4 PWh/yr (equal to global hydropower energy production). Though small
in comparison to other components of the Earth’s surface energy budget, sap ascent work in forests represents
14.2% of the energy compared to the energy consumed to create sugars through photosynthesis, with values
up to 18% in temperate rainforests. The power needed for sap ascent generally increases with photosynthesis,
but is moderated by both climate and plant physiology, as the most work is consumed in regions with large
transpiration fluxes (such as the moist tropics) and in areas where vegetation has low conductivity (such as
temperate rainforests dominated by conifer trees). Here, we present a bottom-up analysis of sap ascent work that
demonstrates its significant role in plant function across the globe.

Plain Language Summary Trees transpire up to 100 gallons of water per day, which requires
energy to overcome gravity and the resistance of specialized stem transportation tissues. We show that

the energy used by trees to move water from the soil to the leaves for transpiration is of the same order of
magnitude to the energy harvested by these plants from sunlight during photosynthesis. This work implies that
the evolution of vascular plants has created a pump that passively harvests energy to lift water to plant canopies,
which is a significant energetic benefit to plant function and helps fuel life on Earth.

1. Introduction

Photosynthesis fuels life on Earth. The roots and stems of vascular plants made expansion of photosynthesis on
land possible by mining water from the soils to supply water to the canopy where photosynthesis requires aqueous
CO, (Berry et al., 2010). However, plant water is continuously lost to the dry atmosphere through evaporation
(i.e., transpiration). This demand for water in the canopy presents a challenge for terrestrial plants, as transporting
the water from soil to canopy requires energy to move water through the resistive conduits of the plant vascular
system. Although the flow of energy to transport water through the plant is at the nexus of global photosynthesis,
transpiration, and life on Earth, it has never been quantified.

The physical transport of water from the soil to plant canopies takes place primarily through plant xylem, special-
ized water-conducting tissue made up largely of xylem conduits constructed of dead cell walls. According to
cohesion-tension theory (Dixon & Joly, 1895), water moves through these specialized xylem conduits under
“negative pressure”, pulled up to the leaf evaporative site by the tension of countless tiny menisci at the evap-
orative surface, capillary forces, and hydrogen bonds (Venturas et al., 2017). The structure of plants—canopy,
stems, and roots—form a natural pump that helps create and harness the water potential gradient between the soil,
canopy, and atmosphere, to move massive amounts of water. This “sap ascent” pump has to provide the energy
required to lift water to the canopy against gravity as well as the energy to overcome the resistance produced by
the plant’s roots, stems, branches, and leaves to meet plant transpiration demands.
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The energy to power sap ascent is drawn from the water potential gradient from the soil to the plant canopy, which
is due to the evaporation of water molecules from transpiring leaves. Ultimately, this evaporation is possible
because of the positive energy flux into the canopy. This positive energy flux is generally caused by solar radia-
tion, and to a smaller extent longwave radiation and downward sensible heating. Plant hydraulic structures serve
to passively transport water without requiring additional metabolic energy on the part of the plants, though meta-
bolic energy is required to operate stomates and to build and maintain the plant’s hydraulic structures (Schenk
et al., 2020). The passive process of water movement through dead xylem cells transfers almost 40% of rainfall
incident on land up to plant leaves to be transpired back to the atmosphere (Schlesinger & Jasechko, 2014). Indeed,
plant transpiration is one of the most important components determining the land surface energy balance, land
surface temperatures, and biosphere-atmosphere mass transfers (Bonan, 2008). Further, water movement through
plants is central to plant physiology (Brodribb, 2009; Dixon & Joly, 1895), ecosystem function (Anderegg,
Konings, et al., 2018), and global land-atmosphere interactions (Anderegg et al., 2019; Khanna et al., 2017).

Millions of years of evolution have worked to shape the effectiveness of the plant’s “sap ascent pump.” The
fundamental need to provide water to the canopy to support transpiration has driven much of plant evolution and
resulted in some of the world’s most stunning biological structures. For instance, giant redwood trees, Sequoia-
dendron gigantum, can grow over 100 m tall and lift over 2,000 L of water per day to their canopies to support
transpiration (Ambrose, 2016). But just how successful has this evolution been? Is the energy needed to power
the movement of water from the soil to the canopy a large part of the energy supporting the biosphere or is it
inconsequential? A combination of recent advancements in plant hydraulic measurements and global remote
sensing allows us to answer for the first time: (a) how much energy does it take to power sap ascent and how
does it vary across the globe? (b) Can variations in plants' hydraulic architectures drive variations in the energetic
benefit of sap ascent or are variations driven primarily by climate? (c) How does the size of the sap ascent pump
vary compared to metabolic energy available to plants through photosynthesis? (d) Are some ecosystems gaining
proportionally more energy from their sap ascent pump in comparison to their metabolic processes?

2. Theory of Sap Ascent Power

The power required to move water through the body of a plant is analogous to water flowing through a pipe. To
transport water through a pipe, a pump is needed to add pressure to the system to overcome the resistance (e.g.,
friction) inherent in the pipe. Energy is consumed by the pump to create this added pressure and maintain the flow
of water (Figure 1a). Similarly, the movement of water during sap ascent in plants consumes energy over time, the
“sap ascent power”, to overcome the resistance of the body of the plant.

The “sap ascent work”, can be calculated by considering the relationship between the resistance of the xylem, the
volumetric flow, and the negative pressure between soil and canopy (the negative pressure created by the water
lost in the canopy through transpiration; Figure 1b). Darcy’s law, which governs the movement of water through a
porous material, can be used to calculate the volumetric flow (Q) as the pressure change (AW) over the total plant
resistance (R ,,)—or rearranged, the pressure change is equal to the volumetric flow times the plant resistance
(Equation 1; Reid et al., 2005):

AlP = Q X Rplant (1)
Next, as a consequence of the conservation of energy in the Bernoulli equation, the power (P) maintaining the
fluid flow across the pressure is equal to the volumetric flow times the drop in pressure (Equation 2):

P=0 x AY 2

Making substitutions between Equations 1 and 2, the power required for sap ascent (Pg,) is equal to the volumet-
ric flow of water squared, multiplied by the resistance of the plant plus the power to lift water against gravity to
the canopy (see Material and Methods, Equation 8).

Psp = Q2 X Rplant + Pgravily (3)

Through conservation of mass, we substitute plant transpiration (7)) for the volumetric flow. Here T is the mass
flow of water (kg s~!), which is more commonly observed and modeled, such that Q = I)L, where p,, is the density

w

of water (Equation 3; Granier, 1987):
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Figure 1. Transpiration drives a pump that overcomes resistance in plants to
power sap ascent, moving water from the soil to the canopy. To move water

in a pipe, a pump must expend energy to overcome the resistance of the pipe
by increasing the pressure (A). In plants, transpiration serves to power a pump
needed to overcome the resistance of the plant hydraulic pathways (R, R
and R, ) during sap ascent through roots, stem, and canopy (B). Inset (B)
shows diagram of plant leaf, including xylem, photosynthetic mesophyll cells,
and the evaporation of water molecules (blue circles) into the leaf intercellular

airspace that creates negative pressure in the xylem.

stem?

diffusively pass through the stomatal pore according to Fick’s Law of Diffu-
sion (Figure 1b). At very high temperatures it is possible for a small portion
of the water vapor in transpiration to pass out of the stomata nondiffusively
(Kowalski, 2017). However, this “stomatal jet” does not consume significant
power as the stomatal resistance is many orders of magnitude smaller than
the plant hydraulic resistance. Thus, Pg, does not directly depend on stomatal
closure except insofar as that stomatal closure is reflected in 7.

The resistance of the xylem and other plant organs is the inverse of the more
kg MPa~!s7!) and can be esti-
mated from field-based measurements of the conductance per leaf (k;, kg

commonly reported plant conductance (K,
m~2 MPa~!s~!) and conductivity per unit leaf area (K, kg m~! MPa~!s~!)
where k; is normalized by leaf area and K| is normalized by leaf area over
branch length. Whole plant conductance is estimated differently for woody
and nonwoody plants due to difference in their standard measurement tech-
niques (see Materials and Methods).

For our global analysis, we calculated the sap ascent power per area of grid cell (psa) using measured transpira-

tion per area (J) and the resistance of plants for an area (rp

Equation 5):

lant>

2
J
Psa = <_> X Fplant + Dgravity )

w

For woody plants, conductance is typically measured per branch, and can be scaled to a plant-scale value based

on information on canopy height, leaf area, and the allometric ratio of stem resistance to whole plant resistance.

For nonwoody plants, the conductance is typically measured per leaf and can be scaled based on leaf area and

the allometric ratio of leaf resistance to whole plant resistance. For the global analysis, the plant conductance

is scaled by leaf area index (apar =

Aleaf

) to provide plant conductance per area that is inverted to rpjn.. See

ground

Supporting Information S1 for method of land cover type weighting and a detailed unit analysis. For an individual
plant, Equations 1-4, allows the power required for sap ascent to be calculated from transpiration, height, leaf
area, conductivity, and common allometric relationships, while Equation 5 extends this to calculating the power
density required for sap ascent using observations of the transpiration water flux per area and the leaf area index.
Table 1 summarizes the input data sources and data sets, and Table S1 in Supporting Information S1 summarizes
units of other values (see Materials and Methods).

3. Materials and Methods

We calculated the amount of power involved in three critical plant physiological functions for cross-comparison:
moving water from the soil to the evaporative sites in leaves (i.e., sap ascent power), vaporization of water
during transpiring (latent heat), and fixing CO, through photosynthesis (power of gross primary production).
To calculate sap ascent power we developed a global map of whole plant resistance. Additionally, we compared
our global estimate of sap ascent power using biome average hydraulic traits with our analysis for the contiguous
United States, where spatial variation in ecosystem average or ‘“‘community-weighted mean” hydraulic traits have
been quantified for U.S. forests based on high resolution forest inventory data of species' distributions and abun-

dances (Trugman et al., 2020).
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gzlt)tlzesf)urces and Variables Used in the Calculation of Sap Ascent Power

Variable Name Units Data Set

J Transpiration water flux per area kgm™2s~! Multiple®®

Pu Density of water kgm™ 1,000

K Conductivity per unit leaf area kgm™' MPa™'s~! XFT®

ki Conductance per leaf kgm™ MPa~! 57! XFT¢

h Tree height m Lidar (Simard et al., 2011)
arar Leaf area index m?/m? LAI3g (Zhu et al., 2013)
Jevaazs) Allometric stem fraction N/A 0.25 (Sack et al., 2003; Sack &

Tyree, 2005; Sperry et al., 2017)

0.25 (Sack et al., 2003; Sack &
Tyree, 2005; Sperry et al., 2017)

*Global Land Evaporation Amsterdam Model (GLEAM) v3.3b data set (Martens et al., 2017). *Global Land Data
Assimilation System (GLDAS-2.1) data set (Hiroko et al., 2016). “Xylem Functional Trait database (Gleason et al., 2016).

Jnonwoody Allometric leaf fraction N/A

3.1. Scaling Conductivity to the Globe

To map plant resistance across the globe we first grouped species-level conductivity (conductance per conductor
length) per unit leaf area (K| ) measurements by biome to calculate the median biome-level K| plus within-biome
interquartile range and full range in K; . For nonwoody plants, we did the same with conductance per unit leaf
area (k; ) an alternate normalization for nonwoody plants. We determined the conductance of each biome type by
multiplying the normalized plant level values of K or k; (each normalized by length and leaf area, or just leaf
area) by LAI (leaf area per area of ground) and dividing by plant height (Iength) for forests and multiplying by
LALI alone for grasses, forbs, and crops (Figures S1-S6 in Supporting Information S1). We then weighted each
biome conductance according to fractional land cover type (combining grasses, forbs, and crops into a single
“non-forest” cover type) to get ecosystem-scale average hydraulic conductance before inverting to recover resist-
ance for each grid cell.

3.2. Assigning K; Values to Different Biome Types

To estimate K| values across the globe, each entry in the Xylem Functional Trait (XFT) database reporting K; or
for which K; could be calculated from stem specific conductivity (K) and leaf:sapwood area (A, :Ag; 703 meas-
urements from 534 species, including 324 genera and 108 families) was assigned to an IGBP land cover type
(Gleason et al., 2016). In the XFT data set, we could not distinguish “Open Shrubland”, “Closed Shrubland”,
and “Savanna” (woody or otherwise) plants. Instead, we combined all nonforest shrubs and lumped them into
“Combined Shrubland.” We maintain the biome designations of “Open Shrubland” and “Closed Shrubland” only
to show fractional land cover (Figure S3 in Supporting Information S1). In addition, we do not attempt to ascribe
a value to “Savanna” biome-types in our analysis, instead leaving points dominated by “Savanna” biome-type
blank. Trees were assigned to IGBP land cover categories based on whether they were gymnosperm or angio-
sperm and evergreen or deciduous. In general, there is a very large variation of K| within groups, cover types, and
biomes, with little of the within-group variation easily explained with climatic factors for the majority of cover
types. The resulting K; values by land cover category appear relatively log normal, and the K; uncertainty was
calculated for each land cover as the min, max, median, and interquartile range.

Branch K; was then scaled to whole plant K; for a biome by assuming that ~25% of plant resistance is in the stem
for woody plants (Sack & Tyree, 2005; Sperry & Love, 2015), that is, by assuming a stem factor fyooay. Conver-
sion to full plant resistance in forests is then calculated as (Equation 6):

stem 1 h 1
Fplant = Fwoody = Lotem = <Pw X _K X —> 6)
L

f woody dLAl f woody ’
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Figure 2. Global estimates of the average sap ascent power density (psa)
compared to the energy captured during photosynthesis and the latent heat
flux from the land surface. The power density used to lift water against gravity
and overcome the hydraulic resistance of xylem vessels can be compared to
the density of power used to fix sugars in photosynthesis (pgpp), and to the
density of power needed to vaporize water in transpiration (i.e., latent heat).
Estimates of these energy fluxes for global values (pg, ), and over forests
(Psa forests)» and nonforests (Pg, ponforests) ar€ shown. Solid line in pg, 4, shows
the interquartile range based on conductivity, while the dashed line shows the
minimum to maximum range based on conductivity. Dark line in latent heat is
the range due to uncertainty across transpiration data products (see Table 1).

where resistance (r,) was scaled to the whole plant and per area by height (h)
and leaf area index (ap.a1; see Table 1, Table S1 in Supporting Information S1,
and Supporting Information for units).

For nonwoody plants (grass, forb, and crops), leaf area-specific conduct-
ance k;, species average values were collated from the literature (see Data
below). Each average was weighted by the number of species for entries
where the reported K; value was already the average of multiple species.
Grasslands are the average value of all noncrop grasses (36 species for which
K, data was available), and crops are the average of grass and herb crops
(27 species or cultivars) for the Grasslands and Crops IGBP category. Note
that there was not sufficient data to distinguish between C4 and C3 grasses.
Leaf area-specific conductance was then scaled to whole plant conductance
by assuming ~25% of whole plant resistance is in the leaves for nonwoody
plants (Sack & Tyree, 2005), using the factor fuonwoody- Unlike for woody
plants, this scaling does not need to be multiplied by path length (i.e., height)
because the leaf-scale measurements of k; for these types of species are not
determined by path length. Conversion to full plant resistance in nonwoody
plants (Equation 7):

Fplant = Fnonwoody =

I'leaf 1 1 1
— L =X — X — | ——— 7
f nonwoody ( Y kL AarLAl > f nonwoody ( )

3.3. Mapping Conductivity Globally

The conductivity values estimated for each biome were extended to the globe using the moderate resolution
imaging spectroradiometer (MODIS) IGBP biome data set (Sulla-Menashe et al., 2019). Before calculating the
ecosystem resistance and sap ascent power, the IGBP data set was regridded to 0.5° resolution to best match the

US forest Service Forest Inventory and Analysis Program (FIA) data for comparison and for use of transpiration

in the calculation. The grid point (or ecosystem scale) K; values were calculated by first estimating the K, values

and their uncertainty for each biome from data (see above), and then multiplying the fraction of a particular biome

in that grid point by the K; of that biome. Each of these grid scale K; values was then scaled to r

by the grid

plant

cell height, aia1, and allometry as appropriate per biome (i.e., woody or nonwoody). At these relatively coarse

scales our analysis will not resolve the finer scale variations in K; due to species or competitive environment

(Brum et al., 2019).

The r

plant

values were then summed at each grid point and normalized by the total fractional coverage of the biomes

for which we had trait data (see Equations 4 and 8). We removed grid cells without at least 75% of the coverage

from biomes with K in our data set. In addition, for analysis in Figures 2, 3, and 5, we determined whether a grid

point was “forest dominated” or “nonforest dominated” by whether at least 75% of the land fraction was a forest

biome or an herbaceous biome. Here 75% was chosen as a reasonable threshold where the conductivity of that

ecosystem was well represented by the dominant vegetation coverage (Figure S6 in Supporting Information S1).

This method of extending K; values to the globe does not take into account separate species distributions and

assumes that the apa1 and transpiration are allocated to biomes by their fractional coverage of a grid point.

Our ground-up approach would benefit from future research measuring hydraulic traits across climate gradients

for similar vegetation or across gradients for ecosystems with similar gross primary productivity (GPP). Addi-

tionally, estimations of sap ascent power can benefit from efforts to retrieve whole ecosystem hydraulic charac-

teristics like conductivity from an inverse analysis (Liu et al., 2021).

3.4. Extending Sap Ascent Power to the Ecosystem Scale

The power needed to move water through vegetation can be estimated from commonly measured fluxes and char-

acteristics of the ecosystem and allometric scaling (Equations 1-3). Where power overcoming plant resistance

is calculated as the volumetric flow squared times the resistance of the plant. To extend this calculation to an
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Figure 3. Global sap ascent power density pg, for both forests and nonforests mapped globally (A). Expanded view (inset) of
the sap ascent power density (for forests only) in the Pacific Northwest (B) and the frequency distribution across space for the
globe (inset; C). Dashed frames denote the extent of the regions reported as the Pacific Northwest (B) and the Amazon.

ecosystem scale where transpiration per area (J) is measured for the ecosystem but conductivity is estimated by
biome we estimated ecosystem conductance by an area weighted sum (Equation 8):

2
psa = <_> X A— (E X fwoody X Zn (KLn X An) + fnonwoody X Zm (kLm X Am))

Pw ground X arai

®)
+ pgrauit y

where p,, is the density of water, A is the grid cell area for each biome (i, ), apai is the grid cell average aiai, & is
the canopy height in meters, f,.4, is the fraction of total plant resistance in stems for woody plants (=0.25, Sack
etal., 2003; Sack & Tyree, 2005; Sperry et al., 2017), f, ;,o0ay 18 the fraction of total plant resistance in leaf tissues
(=0.25, Sack et al., 2003; Sack & Tyree, 2005; Sperry et al., 2017), for woody biome type n and nonwoody biome
type m. There is a small amount of additional power needed for sap ascent expended against gravity moving the
water to the height of the canopy. We estimate the power per area needed to overcome the gravity potential in sap
ascent based on the measured transpiration and height of the canopy (Equation 9):

Peravity = J X g X h )

where g is the gravitational constant. The power needed to overcome the plant hydraulic resistance and the power
to lift the water combine to make up the sap ascent power, integrated over time they are the sap ascent power
needed to supply the canopy with water (Figure S7 in Supporting Information S1). The energy in sap ascent
power is passively harvested by vegetation through transpiration in the canopy.

The average power for sap ascent was calculated for each month for the seasonal climatology of transpiration and
arar. These monthly values were then average to create annual values the power need for sap ascent or multiplied
by time to calculate sap ascent work. Sap ascent power was set to zero for months where arar was less than 0.1
to avoid dividing by small numbers when calculating the plant stem resistance during nonvegetated months in
regions with high seasonality. In addition, sap ascent power and the power to overcome gravity potential were
calculated with two independent transpiration data sets (see Data). The uncertainty due to transpiration was
estimated, while the mean of the two estimates was generally used unless otherwise noted (i.e., Figures 3-6).
Figures of the calculation with each transpiration data set separately are in the Supplement (Figures S13—-S15 in
Supporting Information S1).

3.5. Additional Uncertainty in Sap Ascent Power

There are three key assumptions that create additional uncertainty in our calculation of sap ascent power: (a) that
the flow through the plant is equal to transpiration, (b) that the operational resistance is the minimum resistance,
and (c) the allometric relationship between measured stem resistance and whole plant resistance is consistent
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Figure 4. The variation of sap ascent power density (pg,) across land cover type (A) and aridity (B-E). Aridity defined as
precipitation over the potential evapotranspiration (P/PET). In (A), the orange line denotes median, box and whiskers show
25th—75th, the 5th-95th across space. In (B-E), shading represents the density of spatial points that occur with darker shading
corresponding with a higher point density. Note, y-axis on subplots (B-E) differ per panel to highlight each pattern.

globally. First, in some regions, plants complicate the O = /)Lw assumption by absorbing water from the atmos-
phere. However, regions where this behavior is dominant are confined to small regions of cloud forest (0.26% of
land area in the present; Bubb et al., 2004) and are only a small fraction of the total transpiration in other regions
for specific species (e.g., Coastal California Redwoods; Burgess & Dawson, 2004). Second, due to high nega-
tive water potentials, it is possible that operational resistance would be higher than minimum resistance under
some conditions. We do not expect variations in operational resistance to be a driving factor in sap ascent power
as very little transpiration occurs once embolism starts. Additionally, even assuming a large 20% reduction in
operational conductance across all transpiration, we would expect an increase in our sap ascent power estimate
of only 25%. Third, the fraction of resistance allocated to the plant stems (assumed to be 25% in woody plants
for our main analysis) remains poorly quantified (Sack & Holbrook, 2006), with one theoretical study estimating
80%—-98% of resistance being allocated to leaves (Lechthaler et al., 2020). Using this extreme value, we would
estimate that measurements of stem resistance was only 1.0%—20% of the total plant resistance—equivalent to a
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Figure 5. Ratio of the power density required from sap ascent (pg,) to the power captured through photosynthesis (pgpp)-
Mapped across the globe (A). Expanded view of the ratio of sap ascent power density to photosynthesis power density (inset,
for forests only) in the Pacific Northwest (B) and as a distribution across the globe (inset; C). Dashed frames denote the extent
of the regions discussed as the Pacific Northwest (B) and the Amazon.

Sfuwoody =0.01 — 0.20. Applied across all ecosystems this large estimate of the fraction of plant resistance in leaves
would lead to a sap ascent power estimate 1.25-25 times larger than our current estimate. Though these assump-
tions contain significant uncertainty, they generally skew toward higher sap ascent power values and are all less
than the uncertainty contained across the approximately 40X range from minimum to maximum of measured
conductance per biome.

3.6. Power in Photosynthesis

For comparison to the energy harvested for sap ascent power, we calculated the energy flux of photosynthesis
or photosynthetic power (Pgpp), Which can be computed per mole as the energy in 18 adenosine triphosphate
(ATP) molecules, which provide energy to drive most processes in living cells, divided by the energy in six CO,
molecules. The “photosynthetic power” was calculated as the integration over time of the energy used in fixing a
mole of CO, via ATP hydrolysis to ADP in the Calvin Cycle of photosynthesis multiplied by the rate of fixation
(Equation 10):

GPP
C molar mass

18 ATP
6C0O2°

pcpp = (10)
where GPP is the carbon flux per area of GPP, resulting in photosynthetic power density (pgpp) and C molar mass
is the molar mass of carbon. For each six CO, fixed by the Calvin Cycle, 18 ATP are used. We used 30 kJ/mol for

AG of ATP (where G is Gibbs Free Energy is determined from the chemical
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structure), a value which is within the range of 28-34 kJ/mol measured for
standard condition. Thus, AG of fixing 1 mol CO, is 90 kJ/mol (e.g., three
times AG of ATP). For example, a globally integrated annual estimate for
GPP of 147 Pg C from Badgley et al. (2019) and an estimated land surface
area of 1.4894E8 km? results in the globally integrated power in photosyn-
thesis of 0.23 W/m?. Using a different estimate of globally integrated annual
GPP of 123 Pg C (Beer et al., 2010), this number is reduced to 0.20 W/m?2.

We then created a spatially explicit map of the power in photosynthesis using
the GPP map from Badgley et al. (2019) (used in Figures 5, 6, and Figure

Forestp,,, [Wm?]

S8 in Supporting Information S1). Note that our method differs from the
measurement of the energy stored in the bonds of a sugar molecule, which
produces a GPP to energy estimate that is about a factor of four larger

0.6 0.8 1.0

Figure 6. The power density needed for sap ascent (pg,) relative to the power
density needed to fix carbon in gross primary productivity (pgpp) in forested
regions. Dark shading represents a higher density of points. Purple diamonds
represent reference regions in Fig. 5 including the Amazon in South America
and the Pacific Northwest (PNW) in the continental US.

(Monteith, 1972).
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3.7. Data
3.7.1. XFT Database for K;

The values of stem xylem conductivity per unit leaf area conductivity (K| ) normalized by path length for woody
plants (kg m~! MPa~! s7!) were aggregated from the XFT Database (Gleason et al., 2016). This database is a
collection of measurements of plant hydraulics from around the globe (Figure S1 in Supporting Information S1),
and we utilized all entries that either reported K| directly or reported both K and A; :Ag (n = 703 total meas-
urements), primarily from stems. We excluded measurements that were not attributed to a biome, and measure-
ments from seedlings, greenhouse rather than outdoor (natural, common garden, or outdoor experiment) studies,
nonwoody tissues (petioles), cacti, and lianas. Additionally, we removed a small subset (23) of extremely high K|
outliers (K, > 0.02 kg m~! MPa~! s~!, or 100x the rest of the data set and far outside the observed log-normal
distribution of K ), which likely represented methodological or unit errors.

For nonwoody plants, species average leaf area-specific conductance data (k,, mmol H,O m=2 MPa~! s~
or the conductance of the entire leaf organ, or often entire plant, per unit leaf area, which are then converted
to kg m=2 MPa~! s7!) for nonwoody plants (grasses and forbs, both wild and crops) were collated from
(Holloway-Phillips & Brodribb, 2011; Ocheltree et al., 2020, 2016; Pathare et al., 2020; Sack & Holbrook, 2006;
Scoffoni et al., 2011; Xiong & Flexas, 2018). The XFT data can be accessed through TRY Plant Trait Database
(Dataset 241: https://www.try-db.org/de/Datasets.php).

3.7.2. FIA Conductivity Data

We used a gridded data set of community weighted mean K| values weighted by species’ basal area abundance
within a forest plot averaged to the grid cell level from Trugman et al. (2020). Data on species distribution and
abundance were derived from the FIA long-term permanent plot network and species-level mean K| values
were derived from plant hydraulic traits database, the XFT database (Gleason et al., 2016). For this analysis, we
gridded the plot-level FIA data from Trugman et al. (2020) at 0.5° resolution by computing a grid-level mean of
plot-level community weighted mean K, values within a given grid cell.

3.7.3. Transpiration

We used two transpiration data sets that are calculated through a combination of observations and models. We
used the monthly climatology of transpiration for 2003-2018 from Global Land Evaporation Amsterdam Model
(GLEAM) v3.3b data set (Martens et al., 2017). GLEAM is based on a combination of observations and mode-
ling, combined using data assimilation. We also used the monthly climatology of transpiration for 2003-2018
from Global Land Data Assimilation System (GLDAS-2.1) Noah model outputs (Hiroko et al., 2016; Rodell
et al., 2004). GLDAS-2.1 is a land surface model forced by observations.

3.7.4. Leaf Area Index

We used a monthly climatology from 1982 to 2011 of observationally based LAI estimates derived from a combi-
nation of optical observations from the MODIS and the advanced very high resolution radiometer (AVHRR; Zhu
et al., 2013). The data was interpolated from 1.0° to 0.5° to match other data sets.

3.7.5. Height

We used a lidar-based tree size data set with a resolution of 1° latitude and longitude (Simard et al., 2011).

3.7.6. Gross Primary Productivity

We used an annual global estimate of GPP derived from MODIS near-infrared measurements (NIR,)) and a
statistical relationship with flux towers (Badgley et al., 2019). The gridded data set was interpolated from 0.25°
latitude-longitude to 0.5° latitude-longitude to match the resolution of other data sets.

3.7.7. Aridity, Precipitation Over Potential Evapotranspiration

We used precipitation from the Climate Research Unit (CRU) and reanalysis data from National Centers for
Environmental Prediction (NCEP), the CRUNCEP data set (Viovy, 2018). In addition, we used monthly potential
evapotranspiration from the GLDAS (Feng & Fu, 2013).
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4. Sap Ascent Power and the Global Energy Cycle

To estimate sap ascent power across the globe, we combined maps of transpiration derived from a combination of
models and observations (Hiroko et al., 2016; Martens et al., 2017) with a spatially explicit global map of plant
resistance that we developed using a database of spatially distributed field-based measurements of K; (Choat
et al., 2012) extended globally through biome land cover fractions, global leaf area index (Zhu et al., 2013), and
height (Simard et al., 2011; see Materials and Methods and Figure S1-S6 in Supporting Information S1).

The transpiration products that we used incorporate the response of stomata to environmental conditions (e.g.,
vapor pressure deficit, sunlight, and temperature) and soil moisture. Estimating evapotranspiration and separating
it into transpiration, evaporation, and canopy interception is still uncertain (Stoy et al., 2019; Talsma et al., 2018).
To estimate uncertainty due to this divergence in global transpiration estimates, we separately calculate sap ascent
power from two established transpiration data sets (See Materials and Methods; Hiroko et al., 2016; Martens
etal., 2017).

We assumed plants are working at their maximum potential conductivity (K in well hydrated tissues without
any xylem embolism, known as K, ), as this value is both widely reported across studies and likely to repre-
sent plant conductivity at which most transpiration occurs (Brodribb et al., 2020; Choat et al., 2018; Delzon &
Cochard, 2014; Sack & Scoffoni, 2012). In addition, the use of K yields the low-end (conservative) estimate of
sap ascent power. Any decreased conductivity (increased resistance) from drought stress, freeze-thaw embolism,
etc would increase whole plant resistance and thus increase estimates of sap ascent power. While the operational
resistance of many plants may be more than minimum resistance (i.e., measured conductivity), it is uncommon
for there to be large amounts of transpiration during periods of high plant resistance as the stomata respond
to limit potentially damaging levels of water stress before it can increase xylem resistance (Anderegg, Wolf,
etal., 2018; Delzon & Cochard, 2014; Sack & Scoffoni, 2012; Sperry et al., 2016). We used the range of reported
values per biome (minimum, lower quartile, upper quartile, and maximum) to assess uncertainty in global sap
ascent power due to conductivity.

We estimate that the global average power needed for sap ascent is 0.03 W/m? (interquartile range 0.02—-0.04 W/m?2;
Figure 2). The sap ascent power is much higher in regions dominated by forests (0.06 W/m?, interquartile range
0.05-0.1 W/m?) compared to regions of nonforested vegetation (0.003 W/m?; Figure 2). In forests, power esti-
mates are based on the median value of conductivity for each biome, which varies globally according to global
biome maps, and includes the power needed to lift water to the canopy height (p a small contribution at
0.005 W/m?; Figure S7 in Supporting Information S1, Equations 9 and 10).

gravity’

Though operating passively, sap ascent power supports the function of vascular plants by overcoming xylem
resistance and gravity to supply water to the canopy to replace water lost through transpiration while stomates
remain open to fuel photosynthesis. In conjunction, photosynthesis converts sunlight to sugars that power the
metabolism of plants, and through them much of the Earth;s biosphere. To compare with sap ascent power
density, the energy flux per area collected through photosynthesis (pgpp) can be calculated per mole and inte-
grated to the globe (see Materials and Methods).

Sap ascent power provides a substantial amount of passive energy collected by the plant. Indeed, in regions
dominated by forests sap ascent power provides an additional 14.2% (pg,/pgpp based on median biome resistance)
to the energy captured by photosynthesis. This estimate ranges from 11.3% to 23.1% based on the 25th-75th
percentiles of biome resistance, while the estimate based on maximum biome resistance is >200% of photosyn-
thetic power (Figure 2). In contrast, sap ascent power is a much smaller percentage of photosynthetic power in
nonforest ecosystems at 1.3%.

The ultimate source of the power required for sap ascent is provided through evaporation of water into the
intercellular airspace within the leaf as part of transpiration. This evaporation establishes the negative water
potential between the soil and the canopy. While environmental conditions governing the rate of transpiration
are complex—including the behavior of stomata, soil water conditions, and atmospheric dryness—there is a
certain amount of energy required to overcome latent heat and vaporize water before it passes to the atmosphere
through the stomata. The energy flux required to vaporize water during transpiration (~30 W/m? globally) is
much larger than the energy flux for sap ascent (0.03 W/m? globally) but both are drawn from the same source
(see Methods and Materials, Figure S9 in Supporting Information S1). The energy required for evaporation—and
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thus for sap ascent—is primarily provided by downward shortwave radiation from the sun (~160 W/m? at the
surface globally), and, to a much lesser extent, energy from downwelling longwave radiation and sensible heat
into the canopy (Figure 1 and Figure S9 in Supporting Information S1). These energy sources are separate from
the metabolism of the plants powered by photosynthesis.

Even though sap ascent power is small in comparison with the energy fluxes of the surface energy budget,
when ranked alongside the scale of human endeavors, the total sap ascent work done by terrestrial ecosystems is
large, especially in forests. The global annual sap ascent work done by forests is 9.4 PWh/yr (interquartile range
7.4-15.4 PWh/yr based on per biome conductivity, see Materials and Methods). The median estimate nears the
total production of all hydropower across the globe (10.5 PWh in 2019), while the upper bound (e.g., minimum
biome K, ) estimate of annual sap ascent work (~140 PWh/yr) would approach the total annual power produc-
tion of humanity (173 PWh in 2019; Ritchie, 2019). In short, through millions of years of evolution, plants have
passively harnessed an amount of energy to pump water to their canopies and fuel life on Earth equivalent to the
industrial energy of humans.

5. Sources of Uncertainty in Quantifying Sap Ascent Power

Our results indicate that sap ascent power is of the same magnitude as a plant’s metabolic budget. However,
variation and uncertainty in our calculation are present due to uncertainty in the underlying data products of
conductivity, ar.a1, canopy height, and transpiration. We estimated point by point uncertainties for biome-specific
conductance values and transpiration data products. The uncertainty for both ranges up to 140% of the median
value of sap ascent power with biome conductance uncertainty dominating in the tropics, while transpiration
uncertainty dominates in the high latitudes (Figure S10 in Supporting Information S1). Additional sources of
uncertainty in the calculation of sap ascent power, such as foliar water uptake to support transpiration, operational
K, being less than K, , and uncertainty in the allometric scaling of plant resistance are typically much smaller
than uncertainty in biome average K, and in transpiration estimates (see detailed discussion in the Material and
Methods). In general, even extreme estimates of their contributions are small compared to the uncertainty of plant
resistance for each biome we report in the main analysis.

We found lower sap ascent power in our biome-based map of K| (as used in the global analysis) in a comparison
with a more granular community weighted approach across forests in the contiguous United States. This alternate
analysis is based on U.S. Forest Service Forest Inventory and Analysis (FIA) data, where gridded estimates of
plant K; were derived from forest inventories and species-level data (Trugman et al., 2020). Thus, our biome-level
scaling may overestimate K; on average due to within-biome K| variation being skewed toward a long tail of high
values, combined with coarseness of global land cover maps (Figures S3 and S4 in Supporting Information S1).
As a result, the median global estimates of sap ascent power presented here are likely a conservative estimate
(Figures S11-S12 in Supporting Information S1). Even using the maximum and minimum estimates of K; for
each biome in forest dominated regions, we find sap ascent power to be an important source of nonmetabolic
energy harvested by the plant, varying from 0.03 W/m? (maximum biome K| or low resistance) to 0.88 W/m?>
(minimum biome K| or high resistance). For a low endmember estimate of sap ascent power in forests based
on maximum K; measured in each biome, the global power needed for sap ascent is ~7.0% of photosynthetic
power, while for the high-end estimate of sap ascent power (e.g., minimum biome K| values), sap ascent power
far exceeds photosynthesis (~200% pg/pgpps Figure 2).

6. High Sap Ascent Power Is Related to Climate and Physiology

Climate is an important regulator of global patterns of sap ascent power. For example, transpiration is driven by
the water potential gradient along the soil-plant-atmosphere continuum, and high transpiration is possible where
there is high insolation and a sufficient water supply. Tropical wet forests result in large sap ascent power values
because power scales with transpiration squared (See Materials and Methods, Equation 3; Figure 3). However,
physiology is also an important mediator of sap ascent power. In the tropical evergreen broadleaf forests, high K|
(per unit leaf area) and high leaf area moderate plant resistance in the tropics, as lower plant resistance allows for
lower tropical sap ascent power even given the large flows of water due to the high transpiration rates (Figure 4,
Equations 3, 5, and 8).
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In temperate rainforests, such as the Pacific Northwest of the United States, the climate—high seasonality, lower
insolation, and cooler temperatures—Ilimits transpiration. However, physiology—particularly the lower K| of
conifers that dominate the forest in contrast to their tropical counterparts dominated by angiosperm species—still
leads to high sap ascent power because of high resistance (see Materials and Methods, Equations 4-6, Figure 3).
Indeed, the sap ascent power patterns are only partially related to climate (Figure 4). Even though the magnitude
of the transpiration flux (which is determined both by evaporative demand and the physiology of plant water-use)
drives much of the global sap ascent power, many direct climatic factors do not correlate with sap ascent power.
For example, in our analysis, sap ascent power is largely independent of aridity (e.g., site water balance or precipi-
tation divided by potential evapotranspiration), even though aridity strongly regulates global vegetation structure,
physiology, and function (Choat et al., 2012; Jung et al., 2017; Quetin & Swann, 2017).

From a physiological perspective, evolutionary differences in hydraulic efficiency govern spatial patterns in sap
ascent power. Angiosperm species, particularly trees such as the evergreen broadleaf trees found in high sap
ascent areas of the moist tropics, have both low resistance (high K| ) values associated with their wider xylem
“pipes” or vessels. In contrast, gymnosperm species have, on average, higher resistance (lower K| ) values asso-
ciated with their narrower and shorter “pipes” or tracheids (Figure S2 in Supporting Information S1). These
evolutionary differences in stem resistance between angiosperms and gymnosperms impact the amount of power
needed during sap ascent, resulting in a similar amount of sap ascent power in relatively higher transpiration
deciduous broadleaf forests and relatively lower transpiration but higher plant resistance evergreen needleleaf
forests across the globe (Figure 4a). Finally, grassy plant functional types generally have low values of sap ascent
power due to low whole plant hydraulic resistance and minimal influence from canopy height (see Materials
and Methods). These contrasting biomes emphasize the joint regulation of physiology and climate on sap ascent
power.

7. Sap Ascent Power Is a Critical Source of Energy for Forests

For forest dominated regions, the globally averaged annual energy to power sap ascent is about 14.2% of the
energy in photosynthetic. Across space in forest dominated regions, this ratio of the sap ascent power to the
photosynthesis power has an interquartile range of 5.9%—9.7% (using the median conductivity values for each
biome) and reaches as high as 18% (99th percentile across space) in some regions (Figures 2 and 5). The energy
harvested passively by the plant to power sap ascent provides a significant benefit to plant function by circulat-
ing water and hormones and drawing nutrients from the soil (Cramer et al., 2009). Critically, sap ascent power
is separate from the plant’s metabolism, as—beyond maintaining the hydraulic structures—the energy for sap
ascent power does not have to be drawn from metabolic sources collected through photosynthesis. Rather, sap
ascent power can be thought of as an additional physiological harnessing of environmental energy gradients.
Though not an exact comparison, consider that humans use about 7% of their basal metabolic rate to power
the heart which provides similar circulatory function (Joint & World Health Organization, 1985). In contrast,
vascular plants passively harvest this energy for circulation and turn the loss of water through transpiration into a
circulatory benefit that indirectly fuels life on Earth.

Globally sap ascent power generally scales positively with GPP. This is not unexpected, as sap ascent power is
closely related to transpiration, which occurs in the process of photosynthesis (Equation 3). In addition, factors
related to large levels of GPP—that is, tall trees and large canopies—are also closely related to the whole plant
resistance (Equations 5-6). However, the slope and details of this scaling are novel. A linear fit between the mean
sap ascent power and GPP power having a slope value of 0.086 (unitless; for GLEAM transpiration, slope = 0.113,
for GLDAS transpiration slope = 0.059) and explaining 79% of the variance (for GLEAM 75%, and GLDAS
73%; Figure 6). There is still considerable variation in the magnitude of sap ascent power outside this general
trend, highlighting the diversity in the ratio of sap ascent power to GPP across the globe (Figure 5). While the
tropics have a large sap ascent power, driven predominantly by high transpiration, the large GPP of tropical wet
forests decreases the relative fraction of sap ascent power (energy gained beyond the plant metabolism to power
plant function) to photosynthetic power (8.3% average for the region; Figure 5). In contrast, the moderate GPP in
the Pacific Northwest and the relatively high sap ascent power there, results in some of the largest power ratios
globally (14.8% average for the region; Figures 5 and 6).
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The increase of sap ascent power with photosynthetic power is apparent regardless of transpiration product,
with important differences, particularly at high levels of photosynthesis (Figure 6). Although sap ascent power
generally increases with increasing GPP, it only increases weakly for photosynthetic power less than 0.4 W/m?
(Figure 6). When calculating sap ascent power with the GLDAS transpiration data set this trend is robust.
However, the GLEAM transpiration data set shows a different relationship with a relatively sharp increase in sap
ascent power after 0.4 W/m? of photosynthetic power. The difference in the relationship between photosynthetic
power and sap ascent power, depending on the transpiration data set, highlights the potential for improving our
knowledge of spatial patterns with improvements in measuring and partitioning transpiration.

For sap ascent power using GLEAM transpiration, for low values of GPP, a stable amount of sap ascent power
is maintained while GPP increases. This could be due to either an increase in water-use efficiency (more GPP
per transpiration) or an increase in plant conductance (transpiration increases with GPP but faces less plant
resistance). For higher photosynthetic power values, sap ascent power increases in proportion to GPP. Broadly
speaking, 0.4 W/m? of photosynthetic power appears to represent a breakpoint between ecosystems in which
sap ascent power is dominated by physical factors (transpiration fluxes drive sap ascent power where sap ascent
power and GPP scale positively) versus physiological factors (K; dominates changes in sap ascent power in
colder, low productivity regions).

8. Conclusion

In our analysis, we find that sap ascent power is of the same order of magnitude as the power used to fix carbon
during through photosynthesis. Sap ascent power provides a significant additional energetic benefit to function
in woody plants in comparison to the energy gathered through photosynthesis. Summed across forest dominated
regions sap ascent power is 14.2% of the power collected through photosynthesis, with a range of 11.3%-23.1%
(median, 25th-75th biome resistance) and varies across the globe from 1.5% t017.7% (1st-99th percentile)
with a median value 7.8%. We note that this estimate is conservative based on a number of assumptions in the
calculations. Sap ascent power is governed by the transpiration, leaf area, height, and hydraulic conductivity of
an ecosystem, though none alone explain its variation across space. As expected, due to the strong covariance
between photosynthesis, transpiration, and leaf area, our analysis suggests that sap ascent power is strongly
related to GPP across ecosystems. However, there remains a strong variation around the general trend and signif-
icant uncertainty due to transpiration. Depending on transpiration estimates, sap ascent power and photosynthetic
power are much less correlated in less productive systems because transpiration is low and physiological factors
(vegetation vascular resistance to flow or the inverse of K|) drive variations in sap ascent power, decoupling
the two power values. Collectively, this study highlights how plants have evolved to passively harness pumping
energy to lift water to their canopies and fuel life on Earth at a level which is comparable to modern feats of
energy engineering.
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