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Abstract

Little is understood about how storage of water on forest canopies varies during rainfall, even though storage changes intensity
of throughfall and thus affects a variety of hydrological processes. In this study, laboratory rainfall simulation experiments using
varying intensities yielded a better understanding of dynamics of rainfall storage on woody vegetation. Branches of eight species
generally retained more water at higher rainfall intensities than at lower intensities, but incremental storage gains decreased as rain-
fall intensity increased. Leaf area was the best predictor of storage, especially for broadleaved species. Stored water ranged from 0.05
to 1.1 mm effective depth on leaves, depending on species and rainfall intensity. Storage was generally about 0.2 mm greater at rain-
fall intensity 420 mm h~! than at 20 mm h™'. Needle-leaved branches generally retained more water per leaf area than did branches
from broadleaved species, but branches that stored most at lower rainfall intensities tended to accumulate less additional storage at
higher intensities. A simple nonlinear model was capable of predicting both magnitude (good model performance) and temporal
scale (fair model performance) of storage responses to varying rainfall intensities. We hypothesize a conceptual mechanical model
of canopy storage during rainfall that includes the concepts of static and dynamic storage to account for intensity-driven changes in
storage. Scaling up observations to the canopy scale using LAI resulted in an estimate of canopy storage that generally agrees with
estimates by traditional methods.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Detention of water on vegetation is the basic process
controlling interactions of precipitation with plant can-
opies. Water temporarily stored on canopy surfaces is
readily evaporated and is therefore an important com-
ponent of the hydrological cycle in most regions. In
addition, temporary storage of rainfall incident on can-
opies smoothes rainfall intensities and reduces maxi-
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mum rainfall rates in throughfall compared to rainfall
[65,34].

Canopy storage is difficult to measure in the field.
Several researchers [52,12,5,6] have estimated canopy
storage of entire stands by measuring their attenuation
of electromagnetic waves, Hancock and Crowther [22]
calculated storage on standing trees by measuring
deflections of branches under load from stored water,
while Lundberg [44] and Storck et al. [61] measured can-
opy storage of snow by weighing entire trees.

All of these methods are expensive and impractical for
many applications, so researchers and practitioners most
often estimate canopy storage indirectly. The running
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difference between rainfall and the sum of throughfall
and evaporation has sometimes served as an estimate
of storage during storms [47,69], but the most common
approach remains estimating canopy storage “capacity”
from storm-total precipitation by the method of Leyton
et al. [40]. This method results in a simple estimate of
water available for evaporation by disregarding details
of the rainfall-storage—drip process.

Despite the general success of the canopy storage
capacity concept as the basis of estimating evaporation
from intercepted water, results of direct [12,35] and indi-
rect [34] field investigations have confirmed assumptions
of the Rutter et al. [S8] model and laboratory findings by
Aston [1] that storage increases with rainfall intensity.
Because these storage changes are the mechanism of
intensity smoothing, a better understanding is required
for a process-based model of intensity smoothing by
canopies. The scarcity of data means models have so
far been limited to black-box approaches at the canopy
scale [34]. Ultimately, a physically-based understanding
of canopy storage responses to rainfall would allow
mechanistic modeling of throughfall at fine temporal
and spatial scales. Whelan and Anderson [68] and Davie
and Durocher [16,17] have demonstrated the potential
of such models for predicting evaporation, but did not
consider intensity effects.

An alternative to measuring or estimating storage in
large, complex forest canopies in varying meteorological
conditions is to measure storage on smaller units of can-
opy under simulated rainfall in a controlled environ-
ment. Most previous experiments of this type have
generally been designed to estimate parameters required
by the widely-used canopy interception evaporation
model of Rutter et al. [58]: either canopy storage [28,
31,15,62], or storage-dependent drainage rates [23,55,
56]. There has been only limited work with simulated
rainfall to quantify canopy storage and drainage in
response to rainfall of varying characteristics, most
notably Aston [1], who measured storage and drip on
tree seedlings of varying leaf area under several rainfall
intensities, and Calder et al. [13], who measured storage
in tree branches under simulated rainfall of varying drop
sizes and intensities. However, both of those experi-
ments applied simulated rainfall of temporally constant
intensity, and there have been no published experimen-
tal observations of storage responses to temporally vary-
ing rainfall intensities.

The objective of this research is to quantify storage of
precipitation on vegetation in response to varying rain-
fall intensities. First, we will describe the storage re-
sponses to varying rainfall intensities of branches from
several species of trees and shrubs of varying morphol-
ogy. Second, we will generalize and quantify canopy
storage responses to varying rainfall intensities and the
resulting smoothing effect on throughfall intensities by
modeling vegetation as a reservoir for precipitation.

Finally, we will estimate canopy-scale storage during
rainfall rates typical of field conditions by scaling up
branch-scale observations.

2. Methods
2.1. Vegetation samples

We collected vegetation samples up to 2 m length by
cutting branches from eight different species of shrubs
and trees common to the Pacific Northwest region of
the USA. We selected five broadleaved species [Acer
macrophyllum (bigleaf maple), Alnus rubra (red alder),
Rubus spectabilis (salmonberry), Rubus parviflorus
(thimbleberry), and Acer circinatum (vine maple)] and
three needle-leaved species [Pseudotsuga menziesii ssp.
menziesii (Douglas-fir), Tsuga heterophylla (western
hemlock), and Thuja plicata (western redcedar)] (nomen-
clature follows [57]). A. macrophyllum, A. rubra, P. men-
ziesii, T. heterophylla, and T. plicata are overstory trees,
and R. spectabilis, R. parviflorus, and A. circinatum are
woody shrubs. Each sample underwent rainfall simula-
tion less than six hours after collection, and we sealed
the cut end of each sample in paraffin to prevent wilting
during this time. We collected samples and conducted
tests on broadleaved species during August and Septem-
ber of 2002, and needle-leaved species from January to
June of 2003.

Subsequent measurements of the samples resulted in
three ways to characterize each sample: biomass of sam-
ple, biomass of leaves/branchlets, and (one-sided, pro-
jected) leaf area (LA). After rainfall simulation, we
disassembled each sample into leaves and stems (for
broadleaved species) or branchlets and stems (for nee-
dle-leaved species), arranged the resulting parts without
overlap in a frame, and took vertical-view digital photo-
graphs of the frame and vegetation for measurement of
surface area. Finally, we obtained the dry biomass of
leaves/branchlets and stems by weighing samples oven
dried at 65 °C for at least 24 h.

Analysis of the digital photographs of disassembled
samples entailed using VegMeasurement software
(D. Johnson, Oregon State University Department of
Rangeland Resources) to classify each pixel of images
as either leaf or not leaf, using a qualitatively calibrated
filter to discriminate greenness or brightness, and calcu-
late LA as the proportion of the image classified as
leaves multiplied by the total area of the image. We used
the definition of LA as one-sided, projected leaf area to
approximate leaf surface area exposed to rainfall. This
approximation may have been more accurate for the
broadleaved species than it was for needle-leaved spe-
cies, which are more round in cross section. Therefore,
we also estimated LA for needle-leaved samples using
published allometric relationships between total surface
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area of the needle-leaved species and projected LA [2,3]
and biomass [54,32], but these methods resulted in
widely varying estimates of total surface area. In addi-
tion, surfaces of broad leaves are not flat. For example,
hairs on leaf surfaces are also likely to affect storage, but
are not easily measured. Therefore, we adopted pro-
jected LA as measured in the photographs as the
standard for all species. Analysis of stem surface area
was the same as analysis of leaf area, but applying a
correction to projected area to estimate total surface
area assuming cylindrical cross section: surface area =
7 - (projected area).

2.2. Rainfall simulation and data collection
We constructed a rainfall simulator in the laboratory

that consisted of individually controllable nozzles
employable singly or in groups to simulate four intensi-
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Fig. 1. Diagram of the experimental apparatus for simulating rainfall
and measuring water stored on sample branches.

Table 1

ties of rainfall (Fig. 1). The spray rig consisted of a man-
ifold under constant pressure feeding five separate spray
nozzles. Each spray nozzle was mounted on the end of a
valve stub pipe from the manifold, so it could be acti-
vated independently of the other nozzles. Each valve
was controlled by an electrical solenoid (similar to the
design of Miller [48]) wired to a wall switch at the rain-
fall simulator control panel. This design allowed chang-
ing of intensity in about 2 s. Water supply and pressure
was by filtered municipal water supply in combination
with a pressure regulator to maintain 1.4 bar (20 psi)
at the nozzles. Pressure gauges between each solenoid
valve and spray nozzle allowed monitoring of pressure
at each nozzle independently, so that head losses in
the system did not affect calibration. The spray rig was
49 m above the ground (~4 m above the vegetation
sample).

Four different combinations of one or more nozzles al-
lowed simulation of four rainfall intensities: 20, 60, 250
and 420 mm h™' (Table 1). These intensities simulate
moderate to very heavy rain, so that evaporation from
samples was small compared to rainfall and drip rates.
The mean drop sizes produced by each nozzle or combi-
nation of nozzles (according to specifications published
by Spraying Systems Co., Wheaton, Illinois, USA)
approximately matched those of natural rainfall (Table
1), although the range of drop sizes was likely less in
spray than in natural rainfall. Calibration was by test
simulations into conterminous 0.25-m” pans placed in a
grid on the floor beneath the spray. The coefficient of var-
iation of water accumulated in these pans was 0.2-0.4
(depending on intensity) in the middle 2.25m? of the sam-
ple area where the vegetation samples were placed.

We suspended vegetation specimens on a 5-mm cable
attached to an electronic balance (Mettler-Toledo
SR32001) mounted on the ceiling above the spray rig
(Fig. 1). A computer controlled the balance and re-
corded the raw weight of the sample at 10 Hz during
spraying. Adjustable cross-member cables on the sus-
pension cable allowed each branch to be suspended at
the same orientation as it was growing in the field. This
position was maintained throughout the test, so that
mechanical responses of the branches to simulated rain-
fall did not exactly duplicate the natural situation.

Rainfall intensities and mean drop diameters produced by the rainfall simulator

Mean rainfall Nozzles® Mean drop Expected mean drop
intensity (mm h™") size (mm) size range (mm)®

20 1 x G3.5 (1.60 mm) 1.0 1.1-2.2

60 2% G6.5 (2.39 mm) 1.3 1.5-2.6

250 G3.5+2xG6.5+ G25 (9.55 mm) 2.5 2.0-3.4

420 G3.5+2xG6.5+2xG25 2.8 2.3-3.7

# Model numbers for nozzles produced by Spraying Systems, Inc. (Wheaton, Illinois, USA).
® Range of values reported by Laws and Parsons [37], Best [4], and Mason and Andrews [45].
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Each test began with simulated rainfall at the lowest
intensity (20 mm h™'), and continued until weight of the
sample reached a quasi-steady value (Sgecady). We then
increased the rainfall intensity to 60 mmh~', waited
for the weight to stabilize, and repeated the sequence
for intensities of 250 and 420 mm h~'. When the weight
stabilized at the 420 mm h~' intensity, we turned off the
simulator and continued weighing the sample until drip
rates dropped substantially (~3-5 min) and we judged
evaporative losses may have been a large enough pro-
portion of the weight loss to confound estimation of
drip rates.

There were two corrections to the raw weight data re-
quired for measurement of water stored during simu-
lated rain. First, we subtracted from the raw data the
time-varying weight of water detained on the suspension
cable, obtained by running tests with no vegetation sam-
ple. Second, we subtracted the apparent weight from the
force of water drops impinging on the specimen and sus-
pension cable. Mass accumulating on branches requires
that force be exerted on the branch, caused by momen-
tum of the falling drops being transferred to the branch
[21]. This force varied by rainfall intensity and by vege-
tation specimen because the orientation of vegetative
surfaces to rainfall and flexibility of the vegetation var-
ied. It was therefore necessary to estimate the force of
raindrops on every sample for each intensity. We accom-
plished this by analyzing the response of the apparent
sample weight to 10-s interruptions in spray while the
sample was at steady-state storage. For each sample
and intensity, we estimated the force as the instanta-
neous apparent additional weight caused by the onset
of simulated rainfall at the end of the 10-s interruption,
averaged over four repetitions. The force of raindrops
accounted for less than 5% of the total apparent weight
of all samples, but water stored on the suspension cable
accounted for up to 17% of the apparent weight for sam-
ples that were very light.

2.3. Analysis of rainfall-storage—drainage relationships

Drainage (D; [dimensions LT ') from a linear reser-
voir is linearly proportional to storage (S [L*]):

D(1) = kS(2), (1)

where k [T~ ']is a constant of proportionality. In canopy
storage, the analysis is customarily one-dimensional, so
the dimensions of D become [LT '], and the dimensions
of S become [L].

The equation of mass conservation for water in the
canopy, including rainfall (R; [LT']), storage, and drip,
is

R(t) — D(t) = %. (2)

In Eq. (2), D subsumes stemflow and evaporation; in our
experiments stemflow could not occur and we ignored
evaporation as low compared to R and D. Substituting
Eq. (1) into Eq. (2) gives the governing equation for
mass conservation in a canopy where drip is propor-
tional to storage:

R(1) — kS(1) = %. (3)

Solving Eq. (3) with constant R and initial condition
S(0) =0 gives

S(e) =7 (1—¢*). @)
The limit of Eq. (4) as t — oo gives
R
== —_— 5
Sw =7 5)

which is the storage when steady inflow and outflow ap-
proach equilibrium and storage approaches steady state
(Ss) [14]. Eq. (4) describes canopy storage approaching
S, asymptotically from a dry canopy at the onset of
rainfall. This relationship has a long history of applica-
tion in canopy interception research [39,46], but its
implication for canopy storage during rainfall of varying
intensities has not been fully explored.

Linear reservoirs have the property that storage is lin-
early related to (steady) rainfall intensities by Eq. (5).
However, the only published data on intensity-depen-
dent storage suggests that incremental gain in steady-
state storage decrease with rainfall intensity [1]. Also,
Calder [8] found linear drainage (Eq. (3)) did not fit
experimentally determined recession rates of storage
(R =0 and S(0) > 0), and most other research in canopy
interception has also assumed or experimentally found
some form of nonlinearity in the storage—drainage rela-
tionship (see review by Keim and Skaugset [34]). There-
fore, we next consider the possibility that a nonlinear
reservoir is a more appropriate model for canopy
storage.

A simple nonlinear reservoir is

D(1) = bS(1)", (6)

where 7 is a dimensionless constant of nonlinearity and
b is analogous to k but with dimensions [L'™"T~'].
Although Eq. (6) is not commonly applied in canopy
storage modeling, Domingo et al. [18] found it described
the observed storage—drainage relationship better than
the more commonly used drip equation originally as-
sumed by Rutter et al. [58]. Substituting Eq. (6) into
Eq. (2) gives the governing equation for mass conserva-
tion in a canopy where drip is related to storage by Eq.

(6):
_ds

R(1) — bS(1)" = e (7)



978 R.F. Keim et al. | Advances in Water Resources 29 (2006) 974-986

Analytical solutions to Eq. (7) are only tractable for
some values of n [60]. However, it is possible to estimate
k and n from data for some special cases. One such case
is during steady-state rainfall at t — oo, when storage is
also steady (S = S..), dS/dt =0, and Eq. (7) reduces to

S, = cRV, (8)

where N = 1/n [-] and ¢ = (1/b) [L'"VT] [60].

To assess the viability of reservoir models (Egs. (5)
and (8)) for modeling steady-state storage under varying
rainfall intensities, we approximated S, with Seaqy for
each of the four intensities in the simulated rainfall tests,
and then fitted parameters for the linear and nonlinear
models. We calculated parameter k of the linear model
(Eq. (5)) from Sieaqy and R of each intensity of all tests.
We fitted parameters of the nonlinear model (Eq. (8)) by
numerical searches for values of ¢ and N that optimized
fit of Eq. (8) to observed Scady for each test sequence of
R. The parameter searches maximized the Nash—Sutc-
liffe efficiency, E, as the objective function [51].

We assessed the ability of the models to predict stor-
age responses to varying rainfall intensity by their ability
to predict the time to steady-state storage, Sgicady, after
the onset of a new intensity. It was difficult to precisely
estimate this time from data, however, because of noise
in the measurements of sample weight and because sam-
ples sometimes slowly increased weight during “steady-
state” storage (Section 3). To avoid this problem, we
measured response of each sample as the time to reach
storage equal to 0.8 - Syeaqy after onset of increased
intensity (T80). The variance of fractional response
times is less than the variance of maximum response
times when initial rates of change of responses are faster
than rates of change near the maximum response, so
fractional response variables are more precise estimates
of response times [29].

3. Results
3.1. Storage responses to varying intensities

Leaf area (LA) was the characteristic of samples most
related to steady-state water storage, especially for
broadleaved species (Fig. 2a). Needle-leaved species,
especially T. heterophylla, stored more water per LA
than did broadleaved species at all intensities. Con-
versely, needle-leaved species stored less water per bio-
mass than did broadleaved species, but biomass of
samples was an unreliable predictor of storage across
species (Fig. 2b). Species with thin leaves or thin stems
(R. spectabilis, R. parviflorus, and A. circinatum) stored
more water per biomass than species with thicker leaves
or larger stems (e.g., needle-leaved species). Biomass of
leaves was of intermediate value as a predictor of stor-
age (Fig. 2¢). The highest specific storage in relation to
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Fig. 2. Storage of water on branches under simulated rainfall,
normalized to either (a) leaf area; (b) leaf biomass; or (c) total biomass
of samples. Values are equilibrium storage averaged across all tests for
each species (5 < n < 10).

leaf biomass was on the thin, rough leaves of Rubus
spp., especially at the highest simulated rainfall intensi-
ties. The effectiveness of LA in normalizing storage
among species also extended to effectiveness in normal-
izing among samples of the same species (not shown).
Therefore, we conducted further analyses on the basis
of storage (g) per LA (cm?). Conveniently, 10 - stor-
age/LA = average depth of water on leaf surfaces
(mm), and storage (mm) - leaf area index (LAI; dimen-
sionless) = canopy storage per LAI (mm).

Steady-state storage generally increased with in-
creased simulated rainfall intensity (Table 2, Figs. 2
and 3a). Only three of 57 samples (A4. rubra 5, A. rubra
8, and R. parviflorus 7) stored less water at rainfall inten-
sity 60mmh™' than at 20mmh~', and one sample
(T. heterophylla 6) stored less water at 250 mm h™' than
at 60mmh~'. All 57 samples stored more water at
420 mm h™' than at 250 mm h™! (Table 2).

The typical response of most species and samples to
the onset of simulated rainfall at 20 mm h™~' was for
water stored on branches to come to equilibrium within
5-10 min, with equilibrium storage reached much more
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Table 2
Sample branches subjected to simulated rainfall
Sample Position in canopy® Dry weight (g) Leaf area (m?) Steady-state storage (g) at intensity (mm h™")
Branch Leaves only 20 60 250 420
Acer macrophyllum (bigleaf maple)
1 L 49.2 18.9 0.56 67 95 139 201
2 L 86.7 41.6 0.63 141 157 181 206
3 L 38.3 20.3 0.51 106 125 160 170
4 L 82.0 27.9 0.89 183 191 220 237
5 L 66.8 29.2 0.63 134 136 175 188
6 L 99.1 42.7 0.83 165 191 243 279
7 L 62.7 25.2 0.79 74 106 184 225
Alnus rubra (red alder)
1 L 67.5 15.1 0.31 54 68 103 121
2 M 41.3 20.5 0.25 34 37 67 76
3 L 39.2 16.2 0.30 54 56 79 94
4 L 59.9 17.6 0.34 94 99 110 123
5 L 28.2 11.8 0.22 59 57 69 75
6 L 91.2 42.0 0.56 81 99 160 190
7 L 37.5 11.5 0.23 40 47 62 81
8 M 123.2 60.7 0.70 184 182 199 207
9 U 80.6 36.7 0.60 80 88 118 135
10 M 60.3 25.3 0.29 54 66 109 122
Rubus spectabilis (salmonberry)
1 S 28.2 12.7 0.54 50 66 122 148
2 S 14.6 6.5 0.25 29 45 58 69
3 S 25.1 10.1 0.42 85 109 144 155
4 S 14.9 6.4 0.25 30 37 72 86
5 S 31.3 13.9 0.44 95 116 169 179
6 S 325 11.6 0.47 81 94 131 150
7 S 57.2 22.6 0.67 162 173 214 231
8 S 27.6 11.3 0.21 26 33 74 75
9 S 229 8.7 0.15 25 35 62 69
10 S 11.4 34 0.17 24 32 46 52
Rubus parviflorus (thimbleberry)
1 S 28.2 13.8 0.40 46 59 120 153
2 S 25.1 11.8 0.38 30 39 88 120
3 S 17.5 7.7 0.26 30 34 58 81
4 S 14.2 4.7 0.19 32 39 63 77
5 S 38.4 16.8 0.35 24 36 71 114
6 S 24.9 12.0 0.32 19 24 57 85
7 S 24.5 9.4 0.30 35 34 57 76
Acer circinatum (vine maple)
1 S 62.5 14.7 0.63 118 150 183 193
2 S 32.7 9.1 0.37 80 81 93 99
3 S 325 8.1 0.40 71 82 110 119
4 S 76.2 16.3 0.63 102 123 165 190
5 S 82.4 25.6 0.96 145 185 237 270
6 S 61.2 15.1 0.57 123 133 158 176
Pseudotsuga menziesii ssp. menziesii (Douglas-fir)
1 L 134.8 88.8 1.11 253 273 295 323
2 L 260.0 1939 1.33 360 415 525 570
3 U 208.5 118.2 0.44 161 181 223 248
4 L 132.7 110.6 0.94 186 203 261 284
5 U 128.1 83.4 0.44 132 145 172 190
6 L 109.7 87.8 0.83 157 209 241 259
Tsuga heterophylla (western hemlock)
1 L 141.6 120.8 0.30 165 217 289 323
2 U 54.9 37.2 0.16 71 87 109 119
3 L 108.7 52.8 0.48 223 263 314 323
4 L 323 14.1 0.13 68 87 104 116

(continued on next page)
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Table 2 (continued)

Sample Position in canopy® Dry weight (g) Leaf area (m?) Steady-state storage (g) at intensity (mm h™)
Branch Leaves only 20 60 250 420

5 L 85.8 66.6 0.29 114 134 156 170

6 L 54.3 40.2 0.19 92 100 99 105

Thuja plicata (western redcedar)

1 L 196.3 127.1 0.75 191 243 323 354

2 L 146.1 1134 0.64 109 153 200 223

3 M 108.2 83.6 0.23 76 90 116 127

4 M 48.6 335 0.23 59 74 97 104

5 L 217.3 127.1 0.64 182 232 282 305

& L =lower, M = middle, U = upper canopy; S = shrub layer.
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Fig. 3. Example data from tests of rainfall simulation on branches. In
each case, the black line is the depth-equivalent mass of water stored
on a branch, thin vertical lines indicate step increases in rainfall
intensity (shown in panel c¢). Dips in stored water are the result of
10-s interruptions in sprinkling. Data are (a) R. spectabilis sample 5;
(b) R. parviflorus sample 5; (c) and T. heterophylla sample 6.

quickly after the onset of successively higher intensities
(Fig. 3a). However, there were several atypical but re-
peated behaviors worthy of note. Nineteen of the 57
samples continued slow increases in storage throughout
at least one intensity (Fig. 3b). For later analyses based
on steady-state storage for samples that showed this
behavior, we used the maximum storage near the end
of the test. Starting from an initially dry condition, most

samples accumulated storage monotonically until reach-
ing equilibrium, but eight of the 57 samples reached an
early peak in storage followed by lower equilibrium stor-
age (Fig. 3b). The minimum storage reached during suc-
cessive 10-s interruptions in spraying increased or
remained constant with increasing rainfall intensity for
all but 16 of the 57 samples (Fig. 3c). The final common
atypical behavior was slow accumulation of storage
(Fig. 3c); variance of response times is discussed in Sec-
tion 3.2.

3.2. Modeling storage responses to varying intensities

Estimates of the linear reservoir parameter k from (5)
varied by species and simulated rainfall intensity
(Fig. 4). Differences by species are the result of varying
equilibrium storage (Fig. 2). Differences in the estimate
of k by intensity, however, show that the linear model
cannot adequately describe the rainfall-storage—drip
relationship for the sample branches. This lack of fit is
also evident in plots of storage as a function of rainfall

0.0

T T T T
0 100 200 300 400
Rainfall (mm h")

Fig. 4. Constant of proportionality, k, of a linear reservoir model
describing water stored on branches, estimated from equilibrium
storage and intensity of simulated rainfall for each of eight species (see
key in Fig. 2). Values are normalized by one-sided sample leaf area and
averaged across all samples for each species.
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Fig. 5. Nonlinear models of water stored on branches of several
species at rainfall-intensity-dependent equilibrium, fitted to data
averaged across all tests per species (see key in Fig. 2).

intensity (Fig. 2), which must be linear and pass through
the origin for proper fit of a linear model.

The nonlinear model (Eq. (8)) fit observations of
intensity-dependent storage well (Fig. 5). The efficiency
of best-fit models predicting storage of individual sam-
ples over varying simulated rainfall intensity ranged
from E=0.76 to E>0.99, with mean E =0.97. Effi-
ciency of the model in predicting average responses by
species ranged from E=0.97 to E£>0.99, with mean
E=0.99.

In addition to efficiently predicting equilibrium stor-
age (the calibration data), the fitted nonlinear models
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Fig. 6. Observed drainage of water stored on branches during 10-s
interruptions of simulated rainfall, expressed as fractions of intensity-
dependent equilibrium storage, compared to predictions of a nonlinear
rainfall-storage model calibrated to equilibrium storage amounts.
Observed values are averages of 1-4 interruptions per sample, and
averaged across all samples for each species (5 < n < 10). The diagonal
line indicates 1:1 agreement between data and models.

also predicted responses to varying rainfall intensity sur-
prisingly well. The fitted models’ predictions of frac-
tional drainage in response to the 10-s interruptions in
spraying matched observed values for some species,
but underestimated fractional drainage from R. specta-
bilis and R. parviflorus (Fig. 6). The fitted models
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Fig. 7. Relationship between observed and modeled response times of water stored on branches to increases in intensity of simulated rainfall,
quantified by the time from onset of rainfall intensity to 0.8 - eventual equilibrium storage at the new intensity (T80). The panels are for simulated
rainfall intensity steps from (a) 0 to 20 mm h™!, (b) 20 to 60 mm h™, (c) 60 to 250 mm h™!, and (d) 250 to 420 mm h~'. Each symbol represents the
response time of a single sample (see species key in Fig. 2), and lines indicate 1:1 agreement between data and models.
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predicted the increases of 10-s fractional drainage with
rainfall intensity well, as evidenced by the slope of unity
in a plot of model vs. data (Fig. 6).

The nonlinear model underpredicted the time re-
quired for samples to come to equilibrium storage
(T80) for more than 80% of samples, and there was con-
siderably more variance in observations compared to
modeled response times (Fig. 7). Variation in measured
T80 was not clearly related to any variable except rainfall
intensity and species; i.e., sample leaf area and biomass
were not significant predictors of response time. Nee-
dle-leaved species were slower than broadleaved species
to accumulate storage at the onset of sprinkling and in
response to intensity increases up to 25 mm h™', but this
relationship was reversed at the highest intensity (Fig. 7;
Table 2). The species that was fastest to respond to all
new intensities was A. rubra. Overall, fast response times
were generally associated with smooth, broad leaves, and
complex vegetative surfaces were slower to respond.

Best-fit parameters of the nonlinear model varied
consistently by species and vegetation morphology,
and best fits were in a distinct region of parameter space
(Fig. 8). Needle-leaved species, especially 7. heterophy-
lla, tended to be best described by larger values of ¢ than
were the broadleaved species, which corresponds to gen-
erally higher equilibrium storage amounts per leaf arca
(Figs. 2 and 5). Broadleaved species characterized by
low ¢ were also characterized by higher N, which indi-
cates more nearly linear increases in storage with inten-
sity (N =1 is a linear response). Physically, this means
that branches that stored more water at lower rainfall
intensities tended to accumulate proportionally less
water at higher rainfall intensities (on a per-leaf-area
basis); species that stored water more effectively were
less sensitive to variations of intensity.

Least-squares regression between best-fit parameters
of the nonlinear model from all tests yielded ¢ =

14

. Needle-leaved:
mE ¢ =0.39e44N
® R?=0.24
0.1
Q
0.01 Broadleaved: X
¢ =0.31g59N
R%=0.96
0.001 ' ' '
0.0 0.2 0.4 0.6
N

Fig. 8. Relationship between the parameters of a nonlinear model
describing storage on branches as a function of simulated rainfall
intensity (see species key in Fig. 2).

0.41e %" with R*> =0.87. However, the regression for
the broadleaved species alone (c=0.31e >°"; R*>=
0.96) was much better than for needle-leaved species
alone (¢ = 0.39¢~**; R? = 0.24) (Fig. 8). The consistent
relationship between ¢ and N suggests that dynamic
storage on broadleaved species as a group depends on
fewer variables than on needle-leaved species, perhaps

because of less intraspecific morphological variability.

4. Discussion

Measurements of specific water storage in this study
of 0.10-0.46 mm (up to 0.76 mm for 7. heterophylla),
depending on species and rainfall intensity (Table 2,
Fig. 2), are comparable to previous direct measure-
ments. Grah and Wilson [20] measured equilibrium
water storage on Pinus radiata during heavy spray at
0.11 mm and on Baccharis pilularis at 0.25 mm. Aston
[1] measured storage after 2 min of drainage from seed-
lings of two eucalypts, Acacia longifolia, and P. radiata,
at 0.03-0.18 mm. We estimate these values correspond
to about 0.12-0.36 mm during rainfall, based on drip
rates measured in our study. Herwitz [27] measured
equilibrium water storage on saplings of Australian
rainforest species of 0.23-0.32 mm under simulated
heavy rainfall.

There is a discrepancy in specific storage measured by
dipping vegetation into water compared to sprinkling
experiments, especially when water is blotted from foli-
age to simulate windy conditions. Storage measured this
way is nearly an order of magnitude lower than under
rainfall simulation. Using this method, Crockford and
Richardson [15] measured storage at 0.017-0.028 mm
for three eucalypts, Liu [42] measured storage at
0.036-0.041 mm for needle-leaved and broadleaved spe-
cies, and Llorens and Gallart [43] measured storage at
0.104 mm (0.043 mm when blotted) for Pinus sylvestris
needles.

Applying these estimates to canopy scale is possible
by multiplying leaf storage (mm) by leaf area index
(LAT; dimensionless). For example, results of our exper-
iment suggest branch storage in Douglas-fir at constant
rainfall intensity of 20 mmh™' would be S=cR" =
0.23-20° =0.34mm. In a pure Douglas-fir forest
with LAI of 7, canopy storage would be 0.34-7 =
2.4 mm, ignoring storage on woody biomass. For
comparison, Link et al. [38] estimated saturation storage
at 3.0-4.1 mm for the Wind River Canopy Crane forest,
which has LAI 6.9 in mixed needle-leaved species,
including Douglas-fir [63], and a major component of
woody biomass in the canopy [53]. Because the sprin-
kling method of branch-scale storage appears to match
field estimates, it appears that the consistently lower esti-
mates of storage obtained by the dipping method are
inaccurate.
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The poorly defined nature of canopy storage terms is
a source of confusion that leads to conceptual and
methodological difficulties in canopy interception re-
search. For example, the concept of canopy storage
“capacity” is common in the field, but definitions of this
state vary tremendously. For example, Rutter et al. [58]
and earlier workers (e.g., Leyton et al. [40]) defined stor-
age capacity as ““saturation’ in terms of maximum avail-
ability for evaporation, recognizing that actual retention
may exceed this value. Later modelers simplified the
concept to a bucket model, defining “capacity’ as a sin-
gle value above which no more precipitation is retained
[50]. The rationale for this simplification generally has
been that water in excess of canopy saturation is not
available for evaporation and need not be considered
[41]. Another common definition of canopy storage
capacity includes the storage amount when drip stops
[26]. Confounding all these definitions are consider-
ations of rainfall intensity and wind, which have both
generally been assumed to reduce storage ‘“‘capacity”
[25,9,19].

Resolution of this confusion depends on adoption of
a physically-based conceptual model of canopy storage.
We suggest here a conceptual mechanical model of rain-
fall passage into, on, and through canopies. The goal is
to develop a consistent nomenclature and define the pro-
cesses in physical terms.

The kinetics of water detained on branches during
rainfall entails static interfacial forces at the contact be-
tween water and vegetation and the atmosphere, as well
as dynamic forces arising from motion of water in and
impinging upon the canopy. The traditional notion of
canopy storage capacity approximately coincides with
the conceptual condition where the amount of water
present on canopy surfaces is such that gravitational
forces are balanced by interfacial and normal forces
resisting movement of water, and all dynamic forces
are zero. Rain falling on a canopy in this state deceler-
ates upon impact, decreasing its momentum. This trans-
fer of momentum has two relevant effects on water
storage within the canopy. First, it adds net downward
dynamic forces that work with gravity to favor drip.
Canopy interception researchers have long recognized
this effect. For example, Calder et al. [13] found that
holding intensity approximately steady while increasing
momentum of rainfall by increasing drop size results in
lower storage. The second effect of rainfall transferring
momentum to the canopy is to add mass of water [21],
at least temporarily.

While evaporation loss from canopies depends on the
reservoir of stored water in the canopy, probably largely
retained by static forces (“‘static canopy storage”), the
intensity smoothing effect of canopies depends more
upon dynamic forces (“‘dynamic canopy storage’). Spe-
cifically, we hypothesize dynamic canopy storage (and
hence intensity smoothing) to be mainly the result of

the balance between the two main effects of rain falling
on wet canopies: addition of water and dislodging of
existing storage. Smoothing is probably enhanced by
refilling of static storage dislodged by dynamic forces
external to the rainfall (i.e., wind; [30,38]), as well as
by momentum transferred out of canopy water by vis-
cous flow along vegetative surfaces [28].

An analogy for illustrating the concepts of static and
dynamic storage is a porous medium. We envision “sta-
tic storage capacity” as analogous to field capacity of a
soil. This wetness is reached relatively quickly after rain-
fall ceases, and is an important characteristic of the
medium. Water in excess of static storage capacity (field
capacity) drains quickly, but the drainage is not instan-
taneous. The difference between the porous media that
are soil and canopies is that water movement in soil
can usually be approximated by potential flow and
momentum neglected at all time scales of measurement,
but momentum of water in canopies appears to be an
important control on throughfall generation at short
timescales.

The balance of forces and supply of mass that affects
dynamic storage can conceptually result in net drainage
of stored water, as assumed by many previous authors
[10,11], but our experiments and the experiments of
Aston [1] suggest that the more common result is net
increased storage. The variability of behavior among
species and within species in this study makes it difficult
to infer what vegetation characteristics control the
balance of forces. However, roughness of leaves seems
less important than roughness of the branch as a whole.
For example, species such as R. parviflorus with rough,
broad leaves were much less effective at storing
water than species with smooth leaves but complexity
at the branch scale in the form of small needles as in
T. heterophylla (Fig. 5). Other potentially important fac-
tors are leaf shape, epiphytes, and surface paniculate
matter.

It is unclear why slow accumulation of storage oc-
curred in some but not all samples in this experiment;
we were unable to determine a relationship between
this phenomenon and any sample characteristics except
that none of the samples were of needle-leaved species.
We hypothesize that slow addition of storage may have
been the result of slow accumulation of water on parts
of the samples not directly exposed to the simulated
rainfall, either by drop splash or flow along surfaces
[28].

We were also unable to determine a relationship be-
tween sample characteristics and the phenomenon of
nonmonotonic accumulation of storage (Fig. 3b) except
that none of the samples were of needle-leaved species.
We hypothesize that the decrease from the initial maxi-
mum storage was the result of storage exceeding some
threshold mass where gravity overcame surface tension
in much the same way that momentum of drops moving
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along surfaces can effect drainage rates that exceed rates
expected by static forces alone in soils [64].

The minimum storage reached during successive 10-s
interruptions in spraying increased or remained constant
with increasing rainfall intensity for all but 16 of the 57
samples (e.g., Fig. 3). We infer that 10 s was too short
for full drainage of dynamic canopy storage in cases
where minimums increased with storage. For the sam-
ples where these minimum storage amounts were lower
at higher rainfall intensity (e.g., Fig. 3c), we hypothesize
that the greater momentum imparted by rainfall effected
drainage below levels expected by static forces alone, as
in the case of nonmonotonic approaches to equilibrium
storage.

Because biomass of branches did not correlate well to
rainfall storage (even within the same species), measure-
ments of canopy biomass, while easier to obtain than
surface area, are insufficient for predicting canopy-scale
storage. Unfortunately, this makes it difficult to com-
pare our data to measurements of whole-canopy storage
by Hancock and Crowther [22] and Calder and Wright
[12], who reported only canopy biomass. Water storage
on woody components of canopies can also vary sub-
stantially by species and morphology [15], which compli-
cates the relationship between canopy biomass and
storage.

The results from this experiment agree with data pre-
sented by Aston [1], who found canopy storage filled fas-
ter at higher rainfall intensities than at lower intensities.
This effectively refutes Calder’s [9] hypothesis that can-
opy storage increases more quickly at lower intensities.
Although the rainfall simulation work by Calder et al.
[13] appears to support Calder’s [9] hypothesis, the rain-
fall simulator used by Calder et al. [13] varied only drop
size substantially, while rainfall intensity remained rela-
tively constant (drop diameter 0.5 and 1.2 mm at R =
36mmh™' and drop diameter 52mm at R=
45mm h™"). That experiment, therefore, seems to have
been most fitted to determining the simple effect of drop
kinetic energy on storage.

The measurements of storage responses to rainfall
intensity variations in this study are strictly only appli-
cable to branches receiving rainfall instead of drip from
branches above, because the drop size distribution of
drip does not match that of rainfall [67,7,24]. Canopy
drip tends to be composed of larger drops than rain,
so that kinetic energy of throughfall is greater than rain-
fall if drops achieve sufficient velocity [49,67]. Therefore,
understory branches may show less additional storage
with increased intensity, and canopy-scale storage re-
sponses to varying rainfall intensity may therefore be
muted compared to branch-scale responses. However,
dense canopies, where drip does not fall far enough to
reach terminal velocity (about 4.5 m for 1-mm drops
and 9 m for 5-mm drops [36]), may act more like large
branches. Also, we speculate that intense rainfall may

be more likely to initiate stemflow or cause accumula-
tion on normally dry part of the canopy by drop splash
[28]. These processes would tend to increase storage by
partitioning water into slower pathways of drainage.

The nonlinear model to describe storage as a function
of rainfall intensity produced generally good fits to
data, and values of the parameters were interpretable
and at least moderately repeated among samples of the
same species and species groups. It would be possible
to derive more sophisticated models, either from first
principles or simply statistically to produce better fits
to data where the simple model we used here was less
than satisfactory. Because storage behavior was fairly
predictable, gains in modeling processes at the branch
scale seem likely to yield insights into storage processes
at the canopy scale.

Davie and Durocher [16,17] presented a model of for-
est canopies that explicitly represents inflow, storage,
and drainage for each cell of a pixilated canopy.
Although their goals were to reproduce spatial patterns
of throughfall and they represented water movement
through each pixel only stochastically, it would theoret-
ically be possible to use their framework with the results
of our experiments and three-dimensional data of leaf
area and species to parameterize a discrete-element
model of water transfer through canopies. Difficulties
may arise from processes that do not scale well between
the branch scale and canopy scale. Examples include
wind, stemflow, and storage in woody biomass.

5. Conclusions

The results of these rainfall simulation experiments
give quantitative estimates of how storage varies by
rainfall intensity, and suggests that morphological char-
acteristics of vegetation may play a role in this process.
Branches of all eight tested species generally retained
more water at higher rainfall intensities than at lower
intensities, but needle-leaved branches generally retained
more water per leaf area than did branches from broad-
leaved species. Incremental storage gains decreased as
rainfall intensity increased. Leaf area was the best pre-
dictor of storage, but this relationship was stronger for
broadleaved species than for needle-leaved species.
Branches that stored most water at lower rainfall inten-
sities tended to accumulate less additional storage at
higher rainfall intensities. A simple nonlinear model,
S =cR", was capable of predicting both magnitude
(good model performance) and temporal scale (fair
model performance) of storage responses to varying
rainfall intensities. We hypothesize these processes are
controlled by a conceptual mechanical model of canopy
storage during rainfall that includes the concepts of sta-
tic storage and dynamic storage to account for intensity-
driven changes in storage. Scaling up observations to the
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canopy scale, using published estimates of LAl of a
well-studied canopy, resulted in estimates of canopy
storage that generally agreed with estimates obtained
by the traditional Leyton method. The simulated rain-
fall intensities in this research were high; more work re-
mains to quantify intensity-dependant storage under
lower intensities.
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