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Abstract

Hydrologic equilibrium theory has been used to describe both short-term regulation of gas exchange and long-term adjustment of
forest canopy density. However, by focusing on water and atmospheric conditions alone a hydrologic equilibrium may impose an
oversimplification of the growth of forests adjusted to hydrology. In this study nitrogen is incorporated as a third regulation of
catchment level forest dynamics and gas exchange. This was examined with an integrated distributed hydrology and forest growth
model in a central Sierra Nevada watershed covered primarily by old-growth coniferous forest. Water and atmospheric conditions
reasonably reproduced daily latent heat flux, and predicted the expected catenary trend of leaf area index (LAI). However, it was not
until the model was provided a spatially detailed description of initial soil carbon and nitrogen pools that spatial patterns of LAI
were generated. This latter problem was attributed to a lack of soil history or memory in the initialization of the simulations. Finally,
by reducing stomatal sensitivity to vapor pressure deficit (VPD) the canopy density increased when water and nitrogen limitations
were not present. The results support a three-control hydrologic equilibrium in the Sierra Nevada watershed. This has implications
for modeling catchment level soil-vegetation—atmospheric interactions over interannual, decade, and century time-scales. © 2001
Elsevier Science Ltd. All rights reserved.
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1. Introduction

An understanding of vegetation—soil-topography in
relation to climate is essential for predicting both the
short- and long-term hydrologic responses of catch-
ments. Land use, atmospheric CO,; increases, and other
aspects of human impact on global ecosystems affect
ecosystems at all spatial scales, including landscape and
watershed level, and over long time periods. Attempts to
formulate an integrative understanding of vegetation,
soils, and hydrologic relations at regional scales, in-
cluding Eagleson’s [7] ecological optimality, have em-
phasized the existence of equilibrium conditions between
water demand and supply. This paper builds on this
concept of an equilibrium adjustment of natural forested
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ecosystems to hydrologic flow paths and climatic con-
trols, by incorporating a rate-limitation controlled by
soil biogeochemical cycling. The focus is on canopy
density at the catchment scale, which is a key determi-
nant of evapotranspiration and carbon assimilation
rates. It is proposed that canopy density in old-growth,
conifer covered mountainous catchments can be ex-
plained by (1) available water, (2) atmospheric vapor
pressure deficit (VPD), and (3) rates of nitrogen miner-
alization. The first two elements of this proposition are
reasonably well accepted and are incorporated into
many ecosystem-oriented catchment models [2,45,49].
Available water is a function of soil texture and top-
ography-controlled recharge. It ultimately influences
canopy density through water limitation, which lowers
stomatal conductance rates [16], and hence carbon as-
similation rates. Water limitations are also partly used
to explain the relative allocation of carbon to foliage
versus roots; field evidence suggests that plants on drier
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sites tend to allocate proportionally more resources to
their roots [9,19].

Atmospheric vapor pressure also reduces stomatal
conductance through a physiological response to high
evaporative demand [17,30] (Fig. 1). These canopy
density adjustments to climate and soil were sum-
marized in Eagleson’s ecological optimality theory [7]
and demonstrated in natural ecosystems [31]. The latter
authors used the term Aydrologic equilibrium, which is
adopted here because it neither implies internal plant
controls on its environment [5,48] nor plant responses to
external environmental controls [28]. The specific
physiological control on stomatal guard cell response to
VPD remains controversial, but it is generally accepted
that when plants are at the brink of becoming water-
limited high VPD promotes stomatal closure [21]. For
hydrologic purposes it may be sufficient that as VPD
increases there is a critical point at which transpiration
ceases to increase and may start to decline. This may be
attributed to a balance point in which stomatal closure
is sufficiently large to offset evaporative demand. With
reduced gas exchange rates carbon assimilation is in
turn reduced by stomatal closure (Fig. 2).

Numerous attempts at formulating a general theory
to describe the soil-vegetation—atmospheric continuum
have postulated the existence of such a hydrologic
equilibrium. Under an equilibrium hypothesis vegeta-
tion adjusts to maximize its growth while minimizing
water stress. Such theories have been utilized to de-
velop simple models of terrestrial vegetation distribu-
tion at local [13,31], regional [1], and global scales
[50]. Although general trends in canopy density can be
explained by hydrologic equilibrium theory, it is sug-
gested here that this oversimplifies most natural sys-
tems. Almost all natural forested ecosystems are
nutrient (or nitrogen)-limited. The nitrogen (N)-limi-
tation occurs because rates of nitrogen mineralization
ultimately do not keep pace with potential carbon
fixation rates implied by hydrologic equilibrium. The
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Fig. 1. Stomatal conductance tends to decline as vapor pressure deficit
(VPD) increases. Simultaneously, evaporative demand increases to
some limiting factor such as degree of canopy—atmospheric coupling
and radiation. Evapotranspiration can decline under some conditions
of relatively low soil water and high VPD.
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Fig. 2. Gross photosynthesis declines roughly linearly with VPD as a
result of reduced stomatal aperture opening.

rate at which N is made available for vegetation up-
take depends largely on turnover rates, which are
proportional to above-ground biomass, on rates of
microbial activity, which depend on soil temperature
and moisture conditions, and on N losses, which tend
to be the greatest during times of vegetation dor-
mancy. In addition, there is generally a long lag time
(10'-10? years) between biomass turnover and nutrient
release in the soil. These factors contribute to a ca-
pacitance in the soil or a soil “memory effect.” Two
observations can be made about this: (1) in aggrading
forests the canopy density and soil carbon and nitro-
gen content may be unrelated, but (2) in old-growth
or otherwise steady-state forests there should be a
direct correlation between canopy density and soil
carbon and nitrogen content [40]. The purpose of this
paper is to evaluate this extended hydrologic equilib-
rium by recognizing that almost all natural forest
ecosystems are N-limited. We hypothesize a three-
component equilibrium consisting of water limitation,

A /  te
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Fig. 3. Proposed modified hydrologic equilibrium, which includes: (a)
a VPD-controlled maximum or potential canopy density; (b) a soil
moisture stress factor that may incorporate recharge and soil texture;
and (c) a region below the line of potential canopy density, which re-
flects nitrogen limitation on canopy growth.
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climate (or VPD) limitation, and nitrogen availability
limitation (Fig. 3).

In the following section we describe a catchment that
is well suited for an analysis of hydrologic equilibrium.
This is followed by a description of the catchment model
used, the approach used to evaluate the three-component
equilibrium theory, results and discussion, and then
some conclusions.

2. Study site

The catchment for this study is the Onion Creek
Experimental Forest (Fig. 4), a 10 km? watershed lo-
cated along the crest of the Central Sierra Nevada of
California. Relief within the watershed is about 1000
m with the highest elevation at about 2600 m above
mean sea level. Vegetation cover is predominantly
undisturbed old-growth mixed conifers with dominant
tree species of White Fir (Abies concolor), Red Fir
(Abies magnifica), Sugar Pine (Pinus lambertiana),
Jeffrey Pine (Pinus jeffreyi), Lodgepole Pine (Pinus
contorta), and Incense Cedar (Calocedrus decurrens).
Cedar species generally occupy lower elevations and
fir species occur at higher elevations. Annual precipi-
tation here is on average 1300 mm, of which 90% falls
as snow between October 1 and March 31. Soils are
generally poorly developed loamy sands, underlain by
rhyolitic ash and thick latite deposits with relatively
high permeability and large storage capacity [25]. The
nearby Central Sierra Snow Lab (at 2100 m a.m.s.l.)
regularly shows maximum snow water equivalents of a

meter or more, although the predominantly south-
facing slopes of Onion Creek have much lower snow
depths. Snow melt is the primary source of soil water,
much of which is stored in the basin for several weeks
following the end of snow melt (by mid- to late-May).
Research on ground water flow in Onion Creek has
shown a high storage capacity in the soils and un-
derlying parent material and long lags in the baseflow
recession [26]. The stored water represents a poten-
tially large source of available water needed to sustain
the forested vegetation through extremely dry summer
months.

3. Model description
3.1. Primary controls on canopy gas exchange

The catchment model used here is a dynamic canopy
version of the Regional Hydro-Ecological Simulation
System (RHESSys) [27]. The model combines forest
ecosystem process components adapted from FOREST-
BGC [36,37], a catchment-based hydrological model
using TOPMODEL [4], and a climate simulation sys-
tem, MT-CLIM [39]. Simulation over large, hetero-
geneous watersheds is facilitated by dividing the land-
scape into a series of facets or hillslope partitions based
on geomorphometric principles. Hillslope partitions
capture most of the variance in incident short-wave ra-
diation, which means that partitions can be simulated in
parallel. Catenary variations of topography, soils and

North-Central
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Fig. 4. Location of our study site within the Sierra Nevada. The image shows a perspective rendering derived from a 30 m DEM with LAI draped
over the surface. In this view looking northward the sun is located in the southeast in order to highlight southeast-facing and southwest-facing slopes

in the watershed.
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vegetation within each hillslope are then incorporated as
distributional information within hillslope partitions
(Fig. 5). The distributional information accounts for the
variability of lateral subsurface flow, ET, soil drainage,
snowmelt, and canopy photosynthesis [2].
Within-hillslope variability in air temperatures and
snow melt rates are captured with elevation zones.
Within-hillslope variability in flow convergence—diver-
gence, soil hydraulic properties, and land cover char-
acteristics are represented using distributional
information derived using a topography-soils index
(TST) [3,4,42]. Soil water retention and drainage, snow
melt, and ET processes are then simulated at the re-

Hillslope Partitions

¢
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solution of the within-hillslope distributional level, and
are thus influenced by hillslope-level radiation and ele-
vation-specific air temperatures.

Drainage from the unsaturated soil zone is modeled
using [44]. Water lost from the unsaturated zone
through transpiration may be replenished by capillary
rise, which is implemented as a steady-state solution of
the Richards Equation [10]. Evaporation directly from
soils is not implemented. Instead, simulated forest soil is
covered with a leaf litter layer and evaporation from this
layer is based on relative humidity. For Onion Creek
litter evaporation is negligible during the period in
which we conducted our analysis. This design is optimal

— b

Partition Mean Parameters

Label Aspect | Elevation | Slope Area Lambda [# Elevation Zones
(deg) (m) (deg) | (pixels) (m)

a 111 1896 12.8 719 8.11 10
b 92 2041 10.2 334 7.47 11
c 133 2109 15.5 919 7.12 15
d 220 2075 13.7 485 7.08 15
e 120 2061 16.8 1769 7.13 18
f 239 2092 18.6 1024 6.99 19
g 204 1993 9.9 1368 7.64 21
h 277 2112 12.9 2172 7.64 22

TSI Patches

a
Elevation Zones
Portion of Distributional Information

Elevation TSI Area LAI Ksat RL b theta_r psi_f
(m) (m) (pixels) [ (m2/m2) | (cm/day) | (cm) (cm)
1812

7.57 17 8.46 304.0 169.1 0.654 0.024 17.2

8.52 49 9.25 254.2 184.9 0.583 0.032 19.1

9.41 24 7.30 244.0 146.0/ 0.569 0.033 19.5

10.56 2 8.50 231.1 170.0 0.550 0.035 20.0

11.82 1 5.00 334.3 100.0f 0.698 0.020 16.0

12.61 1 14.75 334.3 295.0 0.698 0.020 16.0

13.78 2 7.88 282.7 157.5| 0.624 0.027 18.0

14.74 2 8.50 475.7 170.0 0.698 0.020 16.0

15.46 5 7.25 251.7 145.0/ 0.580 0.032 19.2

16.44 13 7.94 286.7 158.8 0.630 0.027 17.8

17.47 3 6.50 231.1 130.0f 0.550 0.035 20.0

Fig. 5. The simulation model divides a watershed into a series of hillslope partitions, which are hydrologically well defined and allow for the use of

partition average solar radiation. Of the 26 partitions we selected 8 that were deemed representative of the watershed. Their mean parameters are
shown. Lambda is the partition mean TSI used in TOPMODEL. Each partition is also divided into a series of elevation zones and within each zone a
table of distributional information is defined using patches derived from TSI. All cells aggregated into a given TSI patch are hydrologically similar.
Other variables, including LAI, saturated hydraulic conductivity (Ky,), rooting length (R ), soil pore-size distribution index (b), residual soil water
content (theta_r), height of the capillary fringe (psi_f) are averaged within each of the patches. For all 26 hillslope partitions there are about 1600 TSI
patches, compared to the approximate 11,000 30 m pixels within the watershed.
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under a reasonably closed forest canopy in which very
little radiation penetrates to ground level, or in open
areas when near surface soil moisture is very low and
precipitation is infrequent. In general, water in the
rooting zone is related to the position of the water table
when soils are recharged and becomes more related to
cumulative ET as soil water is drawn down.

Water, carbon, and nitrogen fluxes and stores are
shown in Fig. 6. The model distinguishes between wet
and dry canopies. Evapotranspiration from dry can-
opies is calculated using the Penman—Monteith [29]
combination equation,

AR+ pacpD/ra )
A+y(1+r/ry)’

where LE is the latent heat flux (m s!),R, is the net
canopy absorbed radiation (W m™?), 4 is the slope of
the saturation vapor pressure-temperature curve (mb
°C™h, pacp (J m* °C! is the specific heat density of air,
D (mb) is the VPD, 7, (s m™!) is the bulk aerodynamic
resistance for latent heat transfer between the vegetation
canopy and its surrounding atmosphere, y (mb °C~!) is

LE
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the psychrometric constant, and 7. (s m~!) is the canopy
total stomatal resistance. Canopy resistance is the re-
ciprocal of canopy conductance, which is calculated as
the product of LAI and average leaf level stomatal
conductance. We assume that leaf level stomatal con-
ductance is reduced from maximum rates as a function
of ambient VPD, soil moisture, light levels, and soil
temperature factors [23]. Bulk canopy aerodynamic re-
sistance is set at 5.0 s m~' for well ventilated, closed
conifer canopies, but can be increased as the canopy
opens up to bare ground (100 s m~") [46]. In the absence
of wind data and detailed canopy height characteristics,
r, 1s difficult to describe spatially. Most of our study site
has a dense canopy, and so the spatial variability of r,
should not be too critical to our analysis.
Gross photosynthesis is given by

ACOxcgcgm
g+ 8&m

GSPN = : 2)

where ACO, is the gradient partial pressure of CO,
between intercellular and ambient atmosphere, ¢ is a

Radiation

Air Temperature
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1 I
1 1 1
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I I 1
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1 I 1 I
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Fig. 6. Major hydrologic, forest ecosystem, and soil biogeochemistry components of the simulation model used in this study. The canopy is rep-
resented as a big leaf for each landscape patch. A dry canopy follows the Penman—Monteith (P-M) combination equation, while a wet canopy uses a
modified P-M with bulk canopy resistance, r, set to infinity. Daily photosynthesis depends on stomatal conductance, mesophyll conductance (A/ci),
and leaf nitrogen content. A rooting zone is superimposed on the two layer soil structure (saturated and unsaturated zones) and is used to determine
plant available water. During dry summer months the only source of ET is from the vegetation canopy, as the litter zone quickly dries and there is no
soil evaporation in the model. Carbon allocation is driven by water and nitrogen limitations. Nitrogen availability is maintained with a two-layer soil

decomposition model.
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constant correction factor for CO, versus H,O gas ex-
change, g. is average leaf-level stomatal conductance,
and g, is the rate of assimilation per unit of intercellular
CO,.

3.2. Equilibrium model of canopy density adjustment

An explicit canopy model is coupled with the distrib-
uted hydrology [27]. The model performs annual carbon
(C) allocation [37], and it has nonlinear, daily models of
nitrogen mineralization and loss controlled by soil mois-
ture, soil temperature, and C/N ratios. A nitrogen budget
is maintained to support canopy photosynthesis and the
allocation of carbon to leaves and roots. Net annual as-
similated C is allocated to foliar, stem, and root com-
partments by calculating a leaf-root ratio:

Rur = (Ih +In)/4, (3)

where I, is a soil moisture index computed as the aver-
age growing season fraction of soil moisture in the
rooting zone, and Iy is a dimensionless parameter of
nitrogen availability computed as

Na

In=—2—
N A*NLmax

NpR. 4)
Nyir is a leaf-root nitrogen allocation parameter, A" is
potential leaf carbon (kg C hafl), and Npin.x (kg N
kgC™") is maximum leaf nitrogen concentration, which
is also set as a site-specific parameter, and Ns (kg N
ha™') is available nitrogen. Actual leaf carbon alloca-
tion is calculated as the minimum of available photo-
synthate and the amount of carbon that can be
supported by the given N,. Allocation to roots is de-
termined from allocated leaf carbon divided by Ry r.
Greater allocation to the roots satisfies a need for a
larger root structure to obtain limited nitrogen or
water resources [19]. A separate logic, described below,
is used to extend roots downward in response to water
limitation. After carbon has been allocated to foliar
and root compartments any remaining carbon is added
as stem growth increment.

Plant available water is determined by superimposing
Ry on the two-layer soil model (see Fig. 2). Ry is difficult
to directly observe in individual stands and intractable
over large areas in variable topography. Most distrib-
uted hydrology models prescribe a uniform Ry based on
little or no direct measurement, and with more regard
for expected soil depths than for the physiological pro-
cesses governing vegetation hydraulic regulation. Car-
bon allocation logic has previously been used [45] to
control growth rates of rooting depths or lengths, R; . A
problem with this approach is that an increased alloca-
tion of carbon to roots in response to N limitation
would not likely promote greater rooting depth, since N
concentrations are generally low at greater depths.

However, it is reasonable that water limitation would
promote root downward extension.

For a given site moisture status a large canopy with
a high LAI should need a greater Ry . Considered just
in terms of water balance it is not unreasonable that
for a given climate and hydrologic regime a high LAI
must be supported by greater Ry than a low LAIL
Using a simple dimensional analysis the spatial distri-
bution of potential Ry can be described with the fol-
lowing relation:

R'LAI

R =TSy ®)
where R’ is a parameter describing rooting length per
unit LAI (m) for an average water availability site, and
is a hillslope partition mean TSI. Potential R is scaled
upward in proportion to canopy water demand as rep-
resented by LAI and scaled downward in proportion to
relative profile water availability. For example, a very
dry site supporting a large LAI would have a large po-
tential Ry, a wet site supporting a large LAI can have a
smaller Ry, and a site with a low LAI need only have a
small potential R;. These relations are common in
forested watersheds in which wetter sites near streams
tend to have shallower rooted trees than drier sites. In
order to use Eq. (5) it must be plausible for the vege-
tation to take some form of equilibrium with the cli-
mate-hydrology regime, which is reasonable for an old-
growth forest not subject to recent disturbance. Given
the relatively rapid response of tree root systems to
changing site conditions [22] this assumption may be
reasonable for a wide range of forest ecosystem types.
However, it should be noted that Eq. (5) describes a
potential rooting depth that is independent of carbon
allocation. Because there is a carbon cost associated
with growing roots the actual Ry is increased only when
there is a positive change in root carbon allocation. The
actual increase in Ry is then proportional to the rate of
change in root carbon.

Canopy growth dynamics are maintained by cycling
of carbon and nitrogen through a soil (or humus) layer,
a litter layer, roots, stems, and leaves. No passive soil
carbon pool is included, as this takes millennia to
turnover and is unlikely to respond to short-term per-
turbations, such as human-induced climate change or
land use [14]. An available nitrogen budget is main-
tained as follows:

ddi; = NEert + Nret + MLit + Msoin (6)

— (Ntum + Nstem + Nross),

where N (kg N ha™') is a daily input of nitrogen de-
position or fertilization, Nge, (kg N ha™') is the amount
of nitrogen recycled internally (or retranslocated) from
the leaves prior to leaf drop. Leaf drop timing for
conifers is given as a function of Iy to allow needles to
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remain in the canopy longer under nutrient poor con-
ditions. Mineralized nitrogen from litter, Mp; (kg N
ha’l), and humus, Mg, (kg N ha’l), and nitrogen loss,
Nioss (kg N ha™"), are computed daily. Decomposition
rates are determined by two rate functions, respectively,
for soil temperature and soil water. The temperature
rate is given by an Arrhenius function:

b Tsoi - Tre
FTZGXp <(Tith))’ (7)

where T,; (°C) and T,; (°C) are, respectively, the actual
soil temperature and the optimal soil temperature for
decomposition, assumed here to be 35 °C. The b
parameter is set to a Q9 of 2.36 [20]. The soil moisture
rate factor is computed by a quadratic relationship [47]:

Fy=1—P(0)(0c — 0)°, (8)

where P is a function describing the shape of the
quadratic relationship and yields a soil moisture de-
composition rate factor between 0 and 1. Eq. (8) yields
optimal decomposition rates when soils are at field ca-
pacity, and a reduction of decomposition rates as the
soil approaches saturation.

Nitrogen mineralization rates follow a logic used in
BIOME-BGC [38]. These rates are given, respectively,
by

My = NiiD1Dnjc(1 — lignin) )
and
Msoi = NsDs, (10)

where Dyyc is a parameter describing the relative rate of
nitrogen and carbon decomposition, Ny (kg N ha_l)
and Ng (kg N ha™') are, respectively, litter and soil ni-
trogen. Litter decomposition rate, Dy, and humus layer
decomposition rate, Ds, are proportional to (Fr X Fy)
and are reduced linearly as the C:N ratios of the re-
spective soil layers increase. A recent study in the Sierra
Nevada [12] showed that pine ecosystems were insensi-
tive to small changes in temperature. Also, recent find-
ings [11] support the need for multiplicative controls on
microbial rates, since these tend to acclimate at different
temperatures.

Nitrogen loss is computed using a nonlinear function
of the total available N and soil moisture conditions.
The rate of N loss is given by

(Na — Np)K(0) ) )

NRET

NLoss = exp (

where Np is an estimate of nitrogen required for plant
uptake, K(0) is hydraulic conductivity as a function of
moisture content [44], and Nggr is a mobile nitrogen
retention time parameter.

4. Methodology
4.1. General approach

Recall that we hypothesized the existence of three
primary factors limiting canopy density: (1) water bal-
ance, (2) nutrient dynamics, and (3) VPD-controlled
stomatal gas exchange. The three components of this
equilibrium theory were examined in terms of (1) the
spatial distribution of gas exchange along catenary se-
quences at sub-hillslope levels, (2) canopy density (or
leaf area index (LAI)) as predicted using different
strategies for initializing the soil biogeochemistry, and
(3) integrated system responses to different stomatal
sensitivities to VPD. These are described in the follow-
ing sections. Spatial distribution of gas exchange was
evaluated by comparing remotely sensed energy balance
and modeled energy balance, along with water use
efficiency (WUE) along sub-hillslope gradients. A
catchment average time-series of Bowen Ratio, pre-
dawn leaf water potential, and WUE was also examined.

4.2. Water and energy budgets using a prescribed canopy

Total energy absorbed (R,) by land areas or water
bodies may be used to either evaporate water (LE) or
heat the surface (H). The surface energy balance can be
expressed as

LE=R,—H -G, (12)

where G is soil heat flux. Simplified energy balance
equations have been developed for use with remotely
sensed imagery. They have the following form
[6,15,32,41]:

Rn —LE = B(TSlZ - TalZ)nv (13)

where Ty, and Ty, refer, respectively, to surface and air
temperature at peak sun elevation (i.e., solar noon), and
B and n are parameters. Henceforth, R, and LE refer,
respectively, to daily total canopy absorbed radiation
and latent heat energy, which can be expressed in water
equivalent amounts (mm). At daily time steps G is as-
sumed to be negligible. Also, from now on we will use
the terms 7s and 7, when referring to temperatures at
peak sun elevation. 75 was derived from digital thermal
data acquired with the NASA-Ames Research Center’s
airborne Thematic Mapper Simulator (TMS), a
Daedelus scanner flown aboard a U-2 aircraft on July 2
and August 6, 1985. These data were previously cor-
roborated with field observations made in one a sub-
catchment of Onion Creek [34].

4.3. Soil carbon and nitrogen initialization

One of the most difficult tasks of operating a long-
term model with a soil biogeochemistry component is
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the selection of initial litter and humus C and N values.
This is especially difficult for distributed simulations, as
it is unreasonable to expect uniform values across a
catchment. Short-term distributed models typically re-
quire one to several years of spin-up time to allow for
the internal adjustment and removal of state initializa-
tion effects. The adjustment period often only has to
pass through a single water year in order to properly
establish the soil water deficits and snowpack amounts.
Simulations with a prescribed canopy have no long-term
effects of initial state variable conditions on water bud-
gets. With the introduction of a fully coupled canopy
and supporting soil biogeochemical models a number of
additional state variables are introduced. Some of these
are involved in feedbacks that influence simulations over
long periods of time. The adjustment of LAI has an
immediate effect on the productivity and biomass turn-
over amounts over one to a few years. However, LAI
should adjust quickly to environmental conditions.
In addition, it is relatively straightforward to obtain
reasonable initial estimates of LAI even if the model is
used in a fully dynamic mode.

The same is not true for the initialization of below-
ground C and N pools. Full litter turnover typically re-
quires several years and full humus layer turnover can
take on the order of a century [40]. It is conceivable that
initial conditions in these pools can persist within a model
simulation for an extremely long spin-up period. The cost
of the added model complexity is a need for an initial-
ization period of one to several centuries. It has been
shown that spatially uniform initial belowground C and
N pools were adjusted over time to be spatially variable
[27]. However, two key observations can be made about
these adjustments: (1) It is generally not possible to ini-
tialize the modeled soil pools to reflect the long-term site
history (e.g., disturbance), and (2) initially unrealistic soil
carbon and nitrogen pools affect above-ground produc-
tivity and allocation that in turn affect turnover and ul-
timately establishes an incorrect and persistent feedback
on modeled soil biogeochemistry. The first observation
refers to factors such as disturbance history, long-term
vegetation growth, climate variability, trends in N depo-
sition, and other nonsteady-state controls on the soil
biogeochemistry. For example, soil carbon initially drops
following the removal of vegetation because of a reduc-
tion in litter turnover and an accelerated rate of decom-
position with higher temperatures, moisture and nitrogen
content [40]. The rate and amount of recovery of soil
carbon then depends on how quickly a vegetation cover
can establish on the disturbed site, the quality of litter
produced by the newly established vegetation, and site
factors that control soil temperature and moisture.

The second observation is that initial conditions in
the soil can be expected to influence the early N uptake
rates and carbon sequestration rates during simulation
model initialization. Patterns of N uptake then influence

early vegetation growth rates. Sites that have an over-
estimate of N mineralization will overestimate pro-
ductivity and canopy density, and sites with underesti-
mated available N will underestimate productivity and
canopy density. Naturally, a more rapid aboveground
growth will more rapidly deplete the soil N pool. This in
turn reduces productivity and should adjust the canopy
density and turnover rates towards some equilibrium. It
seems reasonable that a sufficiently large number of
simulation iterations should converge on some equilib-
rium relationship between aboveground and below-
ground carbon and nitrogen pools. However, from the
first observation, above, the adjusted state variables will
reflect model structure and any limited knowledge of site
history. An alternative approach would be to somehow
incorporate information about site history in order to
initialize the litter and soil C and N pools.

To examine these ideas two approaches were taken
to initialize the C and N pools. For the first approach
the model was run through a 100-year period with
initially spatially uniform litter and humus C and N
values. Climate forcing was simplified by recycling the
1985 meteorological data from Soda Springs, CA. LAI
was started at a uniform value of 1.0 and permitted to
grow. This allows for a mutual adjustment of above-
ground and belowground carbon pools with no a priori
spatial knowledge of the system. For the second ap-
proach it was assumed that the old-growth forest in
Onion Creek was in equilibrium with respect to carbon
and nitrogen cycling, such that the belowground car-
bon pools were correlated with LAI. This assumption
is justified on the grounds that a majority of the carbon
that is cycled through the litter and then the humus
layers is derived from leaf fall. Leaf fall is in turn
proportional to the total leaf biomass. For this simu-
lation the soil carbon pools were linearly scaled to leaf
carbon estimated from the remotely sensed LAI di-
vided by specific leaf area [38]. As with the previous
simulation, a 100-year simulation was made starting
with a uniform LAIT of 1.0.

4.4. Response to a modified stomatal-atmospheric
coupling

Numerous environmental factors can conceivably
alter a hydrologic equilibrium. Climate change can
alter VPD, which can in turn force an adjustment in
stomatal regulation of water loss (Fig. 1). A change in
climate can also bring about changes in soil temper-
atures that regulate microbial activity. These factors
can combine in complex ways to alter site canopy
density (Fig. 3). To isolate one factor alone the
stomatal sensitivity to VPD was reduced by 50%. This
has the effect of reducing the coupling between
stomatal water regulation and atmospheric demand
for water, which could occur naturally with a change
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in species. In our context the change amounts to a
higher stomatal conductance with no change in envi-
ronmental conditions. This should produce higher
photosynthetic rates and greater equilibrium canopy
density at the expense of greater water losses, as long
as water and nitrogen are not limiting. In particular,
where nitrogen is limiting spatial patterns of canopy
density should not change despite the higher stomatal
conductance rates. Although transpiration rates are
directly affected by factors limiting stomatal aperture,
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photosynthesis is ultimately limited by factors such as
nutrition [§].

5. Results and discussion

5.1. Short-term gas exchange with a prescribed canopy

Fig. 7 shows relationships between measured and
simulated turbulent flux for each of our 8 hillslopes. In
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scenes. Shown also are the linear regression line and accompanying variance explained.
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general, the modeled energy balance explains a reason-
able amount of variation in surface temperatures for all
hillslopes on August 6. This is attributed to high wind
speeds on this date [34] and hence greater canopy—
atmosphere coupling. The model is a poor representa-
tion for hillslopes (a) and (b) on July 2. This is attributed
to (1) lower wind speeds on this date and (2) the fact that
these hillslopes face east and are at a lower elevation
(Fig. 5), which further limits aerodynamic conductance.
Improvements in prediction occur with west-facing
hillslopes with steeper gradients and well-ventilated
canopies, reflecting the fact that VPD is the primary
control on stomatal aperture opening in this simulation.
To test this hypothesis we disconnected the soil moisture
control on stomatal conductance and observed no dif-
ferences in latent heat fluxes. The responses of both
transpiration and carbon assimilation are shown in Fig.
8 for a typical hillslope with a large elevation gradient.
As expected trends in these outputs follow the trend in
LAI with elevation. It is interesting to note that canopy
flux responses with elevation can be divided into three
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segments. At low-slope positions canopy density is
thinner and fluxes are lower. On initial inspection one
might attribute this to canopy adjustment over time to
soil water limitation. However, we also note that no
moisture stress was simulated for the dates plotted, but
that there was high VPD at the low elevation sites.
Based on Figs. 1 and 2 we can suggest that transpiration
rates reflect atmospheric drying power, and photosyn-
thesis rates reflect a reduction in stomatal conductance
rates. At mid-slope position the fluxes are relatively
uniform with elevation, reflecting the nonlinearity of gas
exchange responses to rates of water loss [17,30]. The
flux rates then fall off at high elevation due to a low
canopy density adjusted to low moisture content, as
reflected by the predominance of drier sites at high el-
evation (see Fig. 8, TSI). This result does not imply that
productivity rates are higher in these colder sites, but
rather that the productivity relative to water consumed
is higher here. Although this combined VPD-soil
moisture explanation is not apparent from the fluxes
shown in Fig. 8 it is confirmed when we look at WUE
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Fig. 8. Distributions of simulated fluxes (transpiration, net photosynthesis), remotely sensed LAI, and the TSI with respect to elevation, for hillslope
g. For the flux plots, dots represent July 2 results and circles represent August 6 results.
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Fig. 9. Plots show WUE across elevation gradients within each of the 8 hillslopes used in this study. Dots represent July 2, while circles represent

August 6 results.

Fig. 9). WUE is a measure of the water lost per unit of
carbon fixed. WUE shows a clear upward trend with
increasing elevation, reflecting lower maintenance res-
piration costs at cool high elevation sites, lower evap-
orative demand (and water loss) at high elevations, and
higher CO, uptake by the higher stomatal conductance
rates. It is important to note that WUE also responds to
differences in VPD over time, as exhibited by higher
WUE on the August 6 date, which had also had a higher
VPD than July 2. These results support the existence of
conservative water use by the forests of Onion Creek,
which suggests that a strong water demand and supply
control on the adjustment of canopy density over time.
Stomatal regulation to atmospheric humidity has some
adaptive advantages over a closure response to low
water potentials, including the ability to continue to

assimilate carbon for use in growing roots to seek out
more water resources [24] and prevention of cell cavi-
tation that produces permanent damage [43].

5.2. Canopy density adjustment

Fig. 10 shows predicted LAI compared with the re-
motely sensed LAI. Results derived from initially spa-
tially uniform conditions in the litter and humus layers
differ from those derived from spatially variable con-
ditions. In general, LAI from the former initial condi-
tions is more spatially uniform than the latter, suggest-
ing that initial mineralization pools exert a lasting effect
on canopy density. This is reflected both by the depar-
tures from the one-to-one line and in the variance ex-
plained. The spatially variable soil conditions result in a
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Fig. 10. Modeled LAI compared to remotely sensed measured LAI. Dots represent a simulation with soil carbon initialized as spatially uniform, and
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catchment average modeled and measured LAIs are approximately equal. Shown also are 1:1 lines and associated LAI variance explained by the

spatially variable soil carbon simulation.

considerably improved prediction of LAI by providing a
more realistic response in sites not experiencing water
stress. This soil memory effect is illustrated in Fig. 11,
which shows that an initial spatial pattern is partially
preserved as the canopy develops. By initializing the
model with spatially uniform soil carbon an overly

simple equilibrium canopy density emerges. It conforms
to soil water and VPD controls as predicted, but it lacks
the variability associated with nutrient dynamics. As a
result, the overly aggregated nutrient dynamics fail to
reproduce spatial patterns of LAI. Alternatively, the
LAI reproduced by incorporating a spatially variable
initial soil carbon corresponds well with the hypothetical
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Fig. 11. Plots of simulated LAI along catenary sequences represented by the TSI, for both uniform and spatially variable soil carbon.

relation between canopy density and catenary position
(compare to Fig. 3).

5.3. Adjustment of canopy density with a reduced stom-
atal-VPD response

At low to medium LAI values there is no apparent
increase in canopy density associated with reduced
stomatal sensitivity to VPD (Fig. 12). Instead, LAI at
these levels appears to acclimate to an alternative limi-

tation besides VPD. This can be partially explained by
soil water limitation at the lowest LAI values. At higher
LAI values there is a dramatic increase in canopy den-
sity on some hillslopes as the stomatal regulation is re-
duced. This can be attributed to differences in nitrogen
limitation between hillslopes. Hillslopes a, b, and ¢ are
cooler east- to southeast facing (see Fig. 5), whereas the
other hillslopes are warmer southwest to west facing.
The warmer conditions promote higher N mineraliza-
tion rates that are better able to keep pace with the in-
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Fig. 12. Plots of simulated LAI with reduced stomatal-VPD coupling (Response LAI) versus simulated LAI under normal coupling (Control LAI),

for each of the 8 hillslopes in this study.

creased CO, uptake. Similar acclimation occurs with
increased ambient levels of CO, because of N limita-
tions. Unless N availability can keep up with the carbon
fixation costs of higher CO, little change in carbon as-
similation is observed [18].

Fig. 13 shows the growing season trends in catchment
average responses of Bowen ratio, pre-dawn leaf water
potential and WUE to reduced sensitivity of stomatal
conductance to VPD. The increased stomatal apertures

resulting from the reduced physiological response to
VPD results in greater water losses, as reflected by lower
Bowen ratios and lower leaf water potentials. The
Bowen ratio is most affected at times when soil moisture
levels are high, such as around July 2. By August 6
latent heat fluxes have adjusted downward in response
to drying soil to produce a response Bowen ratio com-
parable to that of the control simulation. This adjust-
ment is attributed to stomatal closure due to leaf water
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Fig. 13. Time series plots of Bowen Ratio, pre-dawn leaf water po-
tential, and WUE, using remotely sensed (Measured) LAI and normal
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coupling (Control), and LAI simulated with reduced stomatal-VPD
control. Vertical lines indicate dates of thermal remote sensing scenes,
and are included to highlight the increase in Bowen Ratio (or lower
relative amount of evaporation) on August 6 versus July 2.

potential, which falls throughout the period shown.
However, it is interesting to note that WUE decreases
only slightly in response to the reduced stomatal sensi-
tivity, a result that is consistent with the increased
growth in canopy density shown in many of the hill-
slopes in Fig. 12. The slight decrease in WUE is caused
by nitrogen limitation in some areas where the pace of
canopy development outstrips the rate of increase in
nitrogen available to the vegetation. These results sup-
port the notion of an average canopy density that is
adjusted to the physiological controls on water use such
that damaging water stress is avoided [43]. However, in
specific sites nutrient limitations are critical for deter-
mining actual canopy density, regardless of stomatal
regulation of water potentials.

6. Conclusions

We began with the hypothesis that canopy density in
coniferous forests can be explained in terms of a modi-
fied hydrologic equilibrium that incorporates soil

moisture, atmospheric humidity (or VPD), and nitrogen
availability. With respect to spatial patterns of canopy
density it was argued that soil moisture and atmospheric
conditions, the main elements of ecological optimality
[7] and hydrologic equilibrium [31] can explain catch-
ment-wide trends, but not detailed spatial patterns of
canopy density. Simulated LAI using an aspatial
initialization of soil carbon and nitrogen shows a soil
memory effect, in which initial soil carbon and nitrogen
establish a persistent turnover cycle. Actual patterns of
LAI can be predicted when some spatial knowledge of
the soil pools can be obtained. It should reflect historical
land cover and land use changes, including fire, forest
harvesting, and vegetation succession. Here we had a
relatively simple system with an old-growth forest,
which was assumed to be in equilibrium with the surface
and subsurface nutrient pools. In disturbed catchments
the long-term canopy—atmosphere gas exchanges may
be difficult to simulate without a detailed knowledge of
soil development. The existence of a hydrologic equi-
librium in Onion Creek is partly supported by the sim-
ulations presented in this paper. It is reflected in the
coupling of carbon and water through stomatal regu-
lation of water use in the short term, and the allocation
of carbon within the plant over the long term. However,
it seems unreasonable to make prediction of carbon-
water relations over extended periods of time without
considering nitrogen limitations, which are inherent in
most natural ecosystems.

The simulations here indicate that, for long-term
distributed catchment modeling, there should be an in-
creased focus on understanding site history (dis-
turbance, land use, etc.). There is a persistence or
memory effect in the soil, which cannot be discounted in
models of long-term adjustment of canopy gas ex-
change. The soil carbon and nitrogen pools reflect long-
term land use and land use changes, vegetation succes-
sion patterns, climate, and topography. Water avail-
ability or soil recharge rate is a critical term for
explaining the distribution of vegetation—atmospheric
interactions in water-limited conditions. However, the
existence of a hydrologic equilibrium or ecological op-
timality is complicated by a need to consider the carbon
cost and nutrient limitation on carbon fixation. The
removal or reduction of one gas exchange rate-limiting
factor, such as VPD, may simply reveal another limiting
factor, such as available water or nitrogen. While such
limitations may average out over a catchment or larger
area, specific locations within a catchment may be af-
fected by different forms of canopy growth limitations,
which can provide important feedbacks on vegetation
water use along topography-driven hydrologic flow
paths.

There has been a resurgence of interest in hydrologic
equilibrium with a specific focus on revisiting issues re-
lated to Eagleson’s theories [35]. These approaches at-
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tempt to incorporate biological responses into aspatial
analytical water balance equations. The present study
approaches this same problem using process-based
models that adjust spatial patterns of carbon and water
over time to climate forcing. This directly incorporates
carbon cost in searching for equilibrium soil-topogra-
phy-vegetation relations. It would be interesting to
compare these analytical and simulation approaches,
since key differences between them occur in carbon and
nitrogen cycling feedbacks working in concert with
stomatal regulation of canopy gas exchange. In turn it
would be useful to compare model results to field in-
vestigations into forest stand level water balance, such
as sap flux [33].
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