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Water treatments were applied to young ponderosa pine trees in the Eastern

Cascades, Oregon during the 2003 growing season, and shade treatments were applied

during the 2003 and 2004 growing seasons to understand how photosynthesis and soil

respiration, particularly the root/rhizosphere fraction (Rh), would respond to increased

moisture availability through watering and possibly decreased belowground supply of

current photosynthate due to shading. This forest typically experiences high soil water

deficits in July and August that limit photosynthesis and respiration. Watered trees were

did not achieve a greater photosynthetic capacity than control (un-watered) trees, despite

sustained sap flux. Soil respiration was - 140% greater in watered/un-shaded trees in

2003, but the Rh fraction did not show an increase until 2004. This was explained by a

30% increase in fine root biomass by 2004 and almost doubled root specific respiration



rates (respiration per gram of fine root) by then end of the 2003 growing season. After an

entire year of shading, carboxylation (Vcmax) of shade-developed needles was higher than

un-shaded needles in early spring (May), but decreased compared to un-shaded trees by

late June; Amax was consistently lower for shaded compared to un-shaded trees. Soil

respiration was coupled to canopy processes, decreasing gradually through the growing

season, but no effect was found on R11h fraction of that respiration. The ratio of foliage

mass developed during treatments to fine root mass indicated that carbon allocation may

have shifted belowground in shaded trees. The interaction of shade and water reduced

moisture stress by decreasing moisture stress experienced in the canopy and increasing

soil water availability, which allowed for minimal maintenance of photosynthesis and

drastically increased soil respiration 250% compared to control trees. The long-term

implications are that photosynthesis and soil respiration are strongly driven by current

and previous years' photosynthetic potential and moisture availability. Predicting the

response of Rh and its contribution to ecosystem carbon exchange to future climate

change may be underestimated without accounting for environmental conditions of the

previous year and carry over effects on carbon allocation and root biomass accumulation.
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The effects of water and shade treatments on photosynthesis and root-rhizosphere

respiration in young ponderosa pine

CHAPTER 1

Introduction

Terrestrial carbon sinks, such as those that are dominant in the United States, play

a significant role in the overall carbon budget (Schimel et al. 2000). Forest ecosystems

are considered one of the largest terrestrial sinks for carbon (Schimel et al. 2000), but our

understanding of these complex systems is limited. Each forest type is unique in its

composition and ability to sequester and store carbon; thus, understanding how future

climate change alters this ability presents a challenge.

Terrestrial ecosystems are considered to be sinks when the difference between

gross photosynthesis and ecosystem respiration is positive. Soil respiration is the largest

component of ecosystem respiration, accounting for as much as 70% of total ecosystem

respiration and 55% of the carbon dioxide fixed in gross photosynthesis (Law et al. 2001,

Janssens et al. 2001), yet quantitative understanding of the mechanisms controlling soil

respiration is limited.

The majority of current carbon exchange knowledge is based on eddy covariance

flux studies coupled with process models (e.g. Aubinet et al. 2000, Law et al. 2002), but

in 2002, less than 20% of this research included intensive studies on plant ecophysiology
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and microbial processes contributing to the fluxes (Bucbmann 2002). Understanding net

ecosystem carbon flux requires partitioning of the net flux into the specific physiological

processes of photosynthesis and respiration, and identifying the underlying biotic and

environmental forces (Buchmann 2002).

The key environmental forces driving photosynthesis and subsequent respiration

are temperature, moisture availability, light availability, and nutrient supply. Soil

respiration is linked to photosynthesis through the supply of carbon for use in both soil

autotrophic (Ra; root growth and metabolism) and heterotrophic (Rh; decomposition of

dead plant material) respiration. Total belowground carbon allocation (TBCA) supplies

the carbon for root/rhizo sphere respiration. The fraction of net primary production

allocated belowground may be at least or greater than 50% (Fahey and Hughes 1994).

In some herbaceous plants, up to 50% of the carbohydrates fixed in a day were used for

root respiration within the same day (Poorter et al. 1991). The fraction of soil respiration

from autotrophs may be highly variable as a result of changes in carbon sequestration and

allocation due to variable canopy conditions. Ra alone can contribute from 30 to 60% of

total soil CO2 efflux (Ewel et al. 1987, Ryan et al. 1996). At a young ponderosa pine site

in central Oregon, root/rhizosphere respiration (Ri-rh; the combination of respiration from

roots and mycorrhizae found in close association with roots) accounted for roughly half

of the total surface carbon efflux during the growing season (Law et al. 2001, Irvine et al.

2002). The amount of soil respiration, especially the R1-i-h fraction may change due to

shifts in carbon allocation associated with changes in the key environmental drivers.

Soil respiration is thought to be greatly influenced by temperature. Most studies

have focused on the temperature response of soil respiration, generating Qios for
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modeling purposes. Increases in soil temperature have been linked to higher rates of root

respiration when drought and light are not limiting physiological processes (Oertli 1996,

Burton et al. 1998, Rey et al. 2002, Enquist et al. 2003); the increase in root respiration is

probably a function of increased root growth and metabolism (Forbes et al. 1997,

McMichael and Burke 1998). At a water-limited young ponderosa pine site in central

Oregon, Irvine et al. (2002) found that mean daily soil temperature peaked in early

August, but soil CO2 efflux declined before maximum soil temperature was attained.

Respiration was most likely constrained by soil water deficit, resulting in a much weaker

coupling between soil efflux and soil temperature than found at other sites. Instead, the

peak soil respiration coincided with the approximate peak in live fine root mass in June,

indicating a close coupling of root growth respiration and total soil respiration. Another

study suggested that total respiration is greatest in summer due to the positive effect of

increased temperature on root biomass (Zogg et al. 1996), not necessarily more

respiration per unit of root biomass.

In some environments such as semi-arid or boreal regions, soil water deficit or

saturation can exert greater control over rates of respiration than temperature. Ekblad et

al. (2005) found that 40% of the variation in soil respiration was explained by soil

moisture alone whereas temperature explained very little variation in a Norway spruce

forest. Drought effects include reduced photosynthesis, soil CO2 efflux and root

respiration (Davidson et al. 1998, Law et al. 2001). During drought, plants respond by

reducing stomatal conductance and subsecluent water loss (Ewers et al. 2000, Irvine et al.

2002), reducing canopy assimilation and decreasing root growth (Kuhns et al. 1985).

Young ponderosa pine trees of central Oregon usually experience extreme reductions in
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root conductivity and subsequently, root embolism and mortality during growing season

drought (Domec et al. 2004, Domec and Gartner 2003). Microbial activity, however,

may respond directly and quickly to water additions to dry soil (Lee 2004, Law et al.

2001, Orchard and Cook 1983). The addition of water to dry soil at the young pine site

and incubations on soil from the same site increased microbial respiration 3-5 fold

(Kelliher et al. 2004, Law et al. 2001). In southern pines experiencing soil water deficit,

artificial irrigation led to a 17% increase in soil CO2 efflux (Maier and Kress, 2000).

Many studies are beginning to emphasize the importance of recently fixed

photosynthate on respiration rates and have found that root/rhizosphere respiration is

dependent on the supply of photosynthate. This link is quite strong during the growing

season when plant processes are extremely active and environmental drivers, such as

temperature and moisture availability, are favorable (Poorter et al. 1991, Millenaar et al.

2000, Lipp and Andersen 2003). To investigate the influence of current photosynthate on

root and soil processes, various manipulations have been applied to reduce photosynthate

supply to roots. Wan and Luo (2003) clipped and shaded grass foliage and found a 43%

reduction in soil respiration. Hogberg et al. (2001) found that soil CO2 efflux decreased

up to 37% within five days of employing large-scale girdling to a boreal pine forest,

reaching a maximum decline of 56% within two weeks. Isotopic labeling studies

demonstrated that recently fixed carbon could be detected in respired CO2 of ponderosa

pine seedlings within a few hours (Rygiewicz and Andersen 1994), and within 5 - 10

days in mature pine trees (Bowling et al. 2002).

We would expect that a significant reduction in light I photosynthetic photon flux

density (PPFD) would reduce the amount of energy for harvest in the electron transport
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chain, reducing the capacity of the Calvin-Benson cycle and potential carbon

assimilation. Lower carbon assimilation may result in a negative feedback on transport,

which reduces belowground allocation of carbon and hence the supply of photo synthate

available to roots for use in RITh. Woody roots contain large reserves of carbohydrates,

which may buffer root respiration to short-term changes in shoot light environment (Lipp

and Andersen, 2003). Long-term or continuous deprivation of light and interruption of

current photosynthate will eventually exhaust carbohydrate stores, leading to a decline in

nutrient uptake, protein synthesis, translocation and growth (McDonnell and Farrar 1992,

Koch 1996), ultimately reducing respiration. A long-term shading experiment by

Walcroft et al. (2002) found that shading increased the shoot sink strength enough to shift

carbon allocation from the stem to the branches. Young un-suberized roots of ponderosa

pine seedlings exhibited a 30% decline in root respiration when subjected to dark periods

that could not be attributed to changes in temperature (Lipp and Andersen 2003).

Kuzyakov and Cheng (2001) found similar results during their intermittent shade

treatments on wheat, with respiration of 12/60 h light/shaded plants reduced by half of

normal light regime plants (12/12 h light/shade).

The availability of nutrients is fundamental for synthesis of critical proteins and

enzymes used in the photosynthetic and respiratory processes. Nitrogen is the key

element in the enzyme ribulose-1, 5-bisphosphate carboxylase/oxygenase, otherwise

known as Rubisco. Rubisco is the catalyst for carboxylation, the primary process of

photosynthesis. Greater nitrogen in leaves is associated with increased photosynthesis.

Ryan et al. (2004) found that leaf area, gross primary production, and woody biomass

accumulation of eucalyptus were positively correlated with nitrogen and phosphorous
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fertilization treatments, but the fraction carbon used belowground decreased. Another

fertilization study of eucalyptus also found that belowground carbon allocation was

reduced when the supply of soil nutrients was high (Giardina et al. 2003).

The individual components of photosynthesis, root/rhizosphere respiration, and

the coupling of canopy and belowground processes require further investigation for a

complete understanding of net carbon exchange and storage (Ryan and Law 2005).

Quantification and monitoring of changes associated with altered environmental drivers,

such as light and moisture availability, are necessary to understand implications of future

climate change. Variations in ambient light and moisture conditions possess the potential

to alter the allocation of carbon and contribution of root/rhizosphere respiration, which

can shift carbon exchange and storage. In an attempt to quantify this coupling, water and

shade treatments were applied to young ponderosa pine trees of the Eastern Cascades,

Oregon during the 2003 and 2004 growing seasons to see how photosynthesis and

respiration, particularly the root/rhizosphere fraction, would respond to increased

moisture availability and decreased supply of current photosynthate belowground due to

shading. We were interested in the separate responses of photosynthesis and Rh to

shading and watering individually and in combination, and the long-term implications for

trees experiencing altered environmental conditions.
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Abstract

Water treatments were applied to young ponderosa pine trees in the Eastern

Cascades, Oregon during the 2003 growing season, and shade treatments were applied

during the 2003 and 2004 growing seasons to understand how photosynthesis and soil

respiration, particularly the rootlrhizosphere fraction (Rh), would respond to increased

moisture availability through watering and possibly decreased belowground supply of

current photosynthate due to shading. This forest typically experiences high soil water

deficits in July and August that limit photosynthesis and respiration. Watered trees did

not have higher photosynthetic capacities than control (un-watered) trees as determined

from A/Ci curves, but may have increased seasonal assimilation as indicated by higher

sap flux in watered trees. Soil respiration was -i40% greater in watered/un-shaded trees

in 2003, but the Rffh fraction did not show an increase until 2004 (20% greater; p-value

<0.01). This was explained by increased fine root biomass by 2004 (30%, p-value <

0.07) and 80% greater root activity (respiration per gram of fine root) by the end of the

2003 growing season (p-value <0.13). After an entire year of shading, carboxylation

(Vcmax) of shade-developed needles was higher than un-shaded needles in early spring

(May 2004), but decreased compared to un-shaded trees by late June, when canopy

processes became water-limited. Amax was consistently lower for shaded compared to un-

shaded trees. Soil respiration was coupled to potential assimilation by shaded trees,

decreasing gradually through the growing season, but no treatment effect was found on

the Rh fraction of respiration. The ratio of foliage mass to fine root mass developed

during treatments indicated that aboveground carbon allocation may have decreased in

12
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shaded trees (p-value < 0.07), causing a relative increase in belowground biomass. The

interaction of shade and water may have reduced moisture stress experienced in the

canopy and increased soil water availability, allowing for maintenance of sap flux in

water/shaded trees and presumably photosynthesis and drastically increased soil

respiration (240%). The long-term implications are that the previous year's

photosynthetic capacity and moisture availability have a legacy effect on photosynthesis

and soil respiration. Predicting the response of Rrrh and its contribution to ecosystem

carbon exchange to future climate change may be underestimated without accounting for

environmental conditions of the current and previous year, and carry over effects on

carbon allocation and root biomass accumulation.



Introduction

Over the last decade or so, scientists have been interested in understanding the

global carbon cycle and determining sources of variability in carbon sources and sinks.

Terrestrial carbon sinks, such as those dominant in the United States, have been shown to

play a significant role in the global carbon budget (Schimel et al. 2000). Forest

ecosystems are speculated to be one of the dominant sinks of global carbon, yet some of

the individual components that drive net carbon exchange, like autotrophic and

heterotrophic respiration and coupling of canopy and belowground processes, are poorly

understood and need further investigation (Ryan and Law 2005).

Ecosystem respiration is a large determinant of source/sink status and can account

for up to 80% of gross primary production across a range of forests (Janssens et al. 2001,

Law et al. 2002). Ecosystem respiration is the sum of respiration from above and

belowground components with belowground or 'soil respiration' (R) being the sum of

autotrophic (root and closely associated rhizosphere; Rh), and heterotrophic (microbial;

Rh) metabolic processes. Soil respiration has been found to contribute as much as 70% to

ecosystem respiration (Law et al. 1999, Law et al. 2001a, Janssens et al. 2001), and may

be responsible for the majority of variation in net carbon uptake among ecosystems

(Valentini et al. 2000).

The controlling factors on Rh and Rh include temperature, moisture availability,

and substrate supply. Soil respiration is positively correlated to soil temperature when

water and light are not limiting (Oertli 1996, Burton et al. 1998, Rey et al. 2002), but soil

water deficit exerts greater influence at dry sites such as the Eastern Cascades of Oregon,
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decoupling the seasonal maximum soil temperature and maximum soil respiration (Irvine

et al. 2002). Soil water deficit reduces root maintenance and growth as well as canopy

productivity by limiting stomata! conductance and CO2 supply for carbon fixation and

subsequent transport belowground. In some herbaceous plants, up to 50% of the

carbohydrates fixed in a day were used for root respiration within the same day (Poorter

et al. 1999). HOgberg et al. (2001) found that soil CO2 efflux decreased 37% within five

days of employing large-scale girdling to a boreal pine forest, reaching a maximum

decline of 56% within two weeks. Isotopic studies revealed that recently assimilated

labeled carbon could be detected in respired CO2 of ponderosa pine seedlings within a

few hours (Rygiewicz and Andersen 1994), and within 5 - 10 days in mature pine trees

(Bowling et al. 2002).

All of these studies have focused on the response of total soil respiration, and

assume that the observed respiration changes are caused by changes in the autotrophic

portion. However, the degree to which autotrophic fractions independently respond to

changes in moisture and supply of current photosynthate is unknown. Global warming

due to greenhouse gases threatens to alter the current state of ecosystem climate regimes

and hence all the environmental conditions that control carbon sequestration, allocation,

and respiration. In an attempt to elucidate the coupling between canopy conditions and

root-rhizosphere respiration as well as total soil respiration, young ponderosa pine trees

of the Eastern Cascades, Oregon were subjected to shade and water treatments during the

2003 and 2004 growing seasons.

The objective of this study was to manipulate environmental conditions of tree

canopies and quantify responses of belowground autotrophic respiration to increased
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moisture availability and decreased supply of photosynthate. We were interested in the

separate responses of photosynthesis and RITh to shading and watering individually and in

combination, and the long-term implications for trees experiencing these altered

environmental conditions.

Methods

Study site and treatment application

The study was conducted in a young ponderosa pine stand (-25 yrs. old from

natural regeneration) of the Metolius research area located northwest of Sisters, Oregon,

on the east side of the Cascade Mountains. The site is characterized by hot, dry summers

and cool, wet winters. The soil is a well-drained sandy loam (Law et al. 2001b). Further

site characteristics were reported by (Law et al. 2001b).

The study design was a 2x2 factorial treatment application of shading and

watering on twelve trees. Hence, there were four different treatment combinations with

three replicates each: control (unwatered)/un-shaded (CU), control/shaded (CS),

watered/un-shaded (WU), watered/shaded (WS) (Figure 1). The trees were 1.5 to 3 m

tall and were spatially isolated from other vegetation by removing bunch grasses and

herbs found directly within and adjacent to the crown drip line.



Figure 1. Schematic of shade and water treatments. (a) Control/Un-shaded; (b)
Control/Shaded; (c) Watered/Un-shaded; (d) WateredlShaded.
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The first season measurements were taken from June through September 2003. The

second season measurements were taken May through August 2004, followed by

ancillary measurements before budbreak in 2005.

The shade treatment was implemented prior to measurements by covering the

trees with an 80% density shade cloth tent. The shade cloth tent was left on for the

duration of the experiment (June 2003 - March 2005), with only minor incidents of full

sun exposure due to wind. Shading successfully reduced PAR underneath the shade cloth

by 88% of incident PAR measured within un-shaded tree canopies, which was roughly

120 pmol m2 s'within shaded tree canopies during summer. However, light gaps at the

side of the shade cloth may have increased the overall amount of radiation received by

the canopy, particularly on windier days.

Water was administered to trees during the 2003 field season by a continuous

gravity flow drip system with an elevated tank. Each tank provided approximately 90

liters of water per tree per month around the tree base within the canopy drip line. Once

drought had set in, the trees were also hand watered after weekly respiration

measurements with 6-8 liters of water per tree starting on July 2, 2003. Thus, a total of

43O liters of water were added below each tree over 4 months in the water treatments in

2003. This is equivalent to an additional 300 mm of precipitation delivered during the

growing season, which is roughly 350% of ambient precipitation during the growing

season of 2003. In an attempt to further distinguish any shade treatment effects, the

watering treatment was not applied to the trees during the 2004 field season.



Canopy measurements

Shading and watering treatments were monitored using various measurements.

The shading effect was monitored by periodic readings of photosynthetically active

radiation (PAR) beneath the shade cloth with a ceptometer (Decagon Devices, Pullman,

WA), development of assimilation vs. internal carbon dioxide (A/C1) curves, and

sampling of needle nitrogen.

A/C1 curves were collected on mid-canopy, south-facing needles using a LI-6400

with attached LI-6400-02B cuvette and LED light source fixed at 1200 tmol m2 s1

(LICOR, Lincoln, NE). A complete curve was measured at 0, 50, 100, 200, ambient

(-360), 500, 750, 1000, 1200, and 1800 ppm CO2. One A/C1 curve per tree was obtained

for June/July responses of year 2002 grown needles (Y02, i.e. fully expanded needles of

previous year's growth) during 2003, and two sets were collected in May and June of two

curves per tree for responses of Y02 and Y03 (developed during treatments) needles in

2004. A/C1 curves were adjusted to half leaf surface area. From the A/C1 curves, Vcmax

(maximum carboxylation rate) and Jmax (regeneration of RuBP) were calculated using the

Harley model (Harley et al. 1992) and photosynthesis at ambient CO2 was used as Amax

(maximum potential assimilation).

To determine nitrogen content of needles, needle samples were collected in July

of 2003 and in May and June 2004, dried at 70 °C for 48 hours, weighed, and analyzed

for nitrogen concentration (Central Analytical Laboratory, Corvallis, Oregon). Specific

leaf area (S LA; m2 g1) and leaf mass per unit area (LMA; g m2) were calculated for the

needle years Y02 and Y03 that were collected in 2004 by hand measuring the length and

19



20

projected width of needle samples, converting projected area to half-surface area

(conversion factor 1.18 for P. ponderosa), then dividing by needle dry weight to get SLA

and taking the inverse for LMA. LMA was used to convert nitrogen concentration to

nitrogen content per unit leaf area.

The effect of water treatments was monitored with weekly measurements of

volumetric soil water content and daily averaged sap flux density. Volumetric soil water

content was measured weekly by time domain reflectrometry (TDR) with a Tektronix

cable tester (1502B, Tektronix Corp, Beaverton, OR) and attached datalogger from

detection rods buried 30 cm deep horizontally within the drip line of each sample tree.

Sap flux was determined on eight of the treated trees, 2 of each treatment combination,

using the heat dissipation technique where two 20 mm probes were inserted into the

xylem of each tree, one above the other, and the temperature difference between the

heated probe and the upstream probe were recorded every minute (see Irvine et al. 2002

for further detail). Daily trends and averages of sap flux were examined for treatment

differences.

Soil measurements

Soil respiration was measured at three locations per tree, halfway between the

main stem and the canopy drip line. Semi-permanent PVC soil collars of--'10 cm

diameter were installed at the onset of the experiment in May 2003 for regular

measurement of soil respiration. Soil respiration values were obtained using a LI-6400

portable infrared gas analyzer with attached LI-6000-9 soil chamber (LI-COR Inc.,
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Lincoln, NE, USA). Soil temperature next to each collar was recorded concurrently at a

depth of 8 cm using a temperature probe attached to the LI-6400. Soil respiration

measurements were normalized to 15 °C using an Arrhenius type equation with a variable

activation energy based on temperature according to Lloyd and Taylor (1994). Total soil

respiration was measured between 11 am and 2 pm each day when previous experiments

have shown peak photosynthetic rates. Measurements of total soil respiration were made

at least weekly throughout the 2003 season, except for the period between mid-July and

mid-August, due to equipment failure. In 2004, measurements were started earlier (May

4th) and they were made at least monthly through July 28'. Total soil respiration was

normalized by expressing it as a fraction of the first day of measurements in order to trace

treatment trends over time.

The fractional contribution of autotrophic and heterotrophic respiration to total

soil respiration was determined by first measuring total soil respiration, then respiration

from excised roots from a 30 cm deep core beneath each soil collar at three locations per

tree. Root/rhizosphere respiration (Rffh) was measured with a capped LI-6400 soil

chamber immediately after the roots had been removed from the soil. Coarse and fine

roots were measured separately. Heterotrophic respiration was calculated as the

difference between total soil respiration and Rh as in Law et al. (2001 b). The excised

roots were retained for analysis of treatment differences in root biomass. Root

separations were performed in August, 2003 and June, 2004, thus collars were replaced a

total of two times throughout the 2003-2004 study period. Variance between collar

locations was considered negligible because analysis of pre-treatment soil respiration

rates did not show any significant differences among collars or trees.
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The methods for separating autotrophic and heterotrophic respiration assumes that

root rhizosphere respiration values measured directly after being disturbed do not differ

substantially from intact roots and that that the CO2 concentration during measurements

does not influence the rate of respiration. This technique was previously tested at

different CO2 concentration levels on the pine roots (no detectable change in Rh with

CO2 concentration), and was shown to work for the Metolius field sites because the sandy

texture and friability of the soils allowed for clear separation of roots from soil (Law et

al. 2001b, Kelliher Ct al. 2004).

Carbon allocation

Leaf area index (LA!) and leaf mass by age (Mf) were measured in 2005. LAI of

each tree was calculated before budbreak by destructive sampling of two representative

shoots per whorl (terminal and mid-branch), determining SLA per shoot, and summing

shoots per whorl and whorls per tree (LAI calculated on a half-surface area basis), then

dividing by the ground area beneath the drip-line of the canopy. The foliage mass per tree

was calculated by summing the mass of foliage per shoot, then multiplying by the

number of shoots per whorl and whorls per tree for each needle age class (Y02, Y03, and

Y04). Maximum fine root mass was sampled from cores (0-30 cm depth) taken at

seasonal maximum root production in June 2004, as determined from minirhizotron

measurements of root phenology of young ponderosa pine trees (C. Andersen, pers.

comm) The ratio of foliage mass to fine root mass per ground area (Mf:Mfr) was used as

a proxy for changes in carbon allocation to labile pools.



Meteorological data

Continuous meteorological measurements were made within 2 km of the research

site at an AmeriFlux tower. Measurements included incident PAR, air temperature,

humidity, and precipitation, which were needed to understand background conditions

during the experiment. The data are available on the Ameriflux network website

(http ://public.oml.gov/ameriflux!).

Statistical Analysis

Analysis of variance (ANOVA) statistics were run for each type of measurement,

including soil respiration, which was analyzed based on fractions of initial date of

measurement. Treatment differences were tested between shaded, watered, and an

interaction of shaded and watered treatments (S-PLUS v.6.1). T-tests were used to

distinguish individual treatment effects. Treatment differences were considered

significant at a two-sided p-value less than or equal to 0.05. Residuals versus fit plots

were examined for normality and to see if the data required any transformation, which it

did not. A mixed model for average treatment ratios was used to estimate treatment

differences and their 68% confidence interval (equivalent to one standard error) for figure

4 (SAS v.8). Repeated measures analysis was not possible due to uneven measurement

periods between sampling.
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Results and Discussion

Meteorological conditions throughout the 2003 and 2004 dormant and growing

season were variable (Table 1). Temperature variation was similar for both years except

during the summer of 2004 when temperature differences were moderate compared to the

range in 2003. Overall annual precipitation was greater in 2003, but the summer of 2004

experienced doubled precipitation compared to the summer of 2003 due to a single storm

event in the middle of August 2004 (25 mm) Water treatments were not applied during

2004.

The individual responses of trees to water and shade treatments are presented

separately, followed by the interactive responses of water and shade together in order to

clearly assess treatment responses.
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Table 1. Meteorological data from the Ameriflux ponderosa pine site including
minimum temperature (Tmin), maximum temperature (Tmax), seasonal sum of
precipitation (PPT sum), and number of precipitation days for fall/winter (dormant
season), spring, and summer (growing season) 2003 and 2004.
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Season 2003 2004

Fall / Winter
(Oct - March)

Tmin (daily mean, °C) -2.4 -3.0

Tmax (daily mean, °C) 5.5 4.6

PPT sum (mm) 281 188

Number of PPT days 91 76

Spring (April - June)

Tmin (daily mean, °C) -1.2 5.5

Tmax (daily mean, °C) 14.2 14.0

PPT sum (mm) 56 4

Number of PPT days 21 10

Summer (July - Sept)

Tmin (daily mean, °C) 5.5 12.5

Tmax (daily mean, °C) 25.8 21.7

PPT sum (mm) 31 61

Number of PPT days 10 16



Water Treatment Response

Adequate water was difficult to maintain due to the extreme drought conditions at

the site. Predawn water potential, measured on foliage of young trees at the site, is

known to drop below 1.2 MPa by August (Irvine et al. 2002). Volumetric soil water

content decreased throughout both seasons despite the administration of water during the

2003 growing season (Figure 2a and 2b). In 2003, soil moisture was maintained at

slightly higher levels under watered trees, but only during mid-July were moisture levels

of watered trees significantly greater than control (un-watered) trees (p-value < 0.05).

The trees that were used for water treatments tended to have lower soil moisture at the

onset of both seasons; in 2004, the water treated trees showed a faster decrease in soil

moisture between May and June than control trees. The rapid decrease may have been a

result of increased demand for moisture by more root biomass of watered trees, which

will be discussed below. Following seasonal trends in soil water content, sap flux

declined in all trees. Daily mean sap flux was 40% greater in the watered/un-shaded trees

than control/un-shaded trees throughout August 2003, when drought stress was greatest

(p-value <0.05; Figure 2c). LAI at the end of the experiment did not show a significant

water treatment effect (p-value < 0.34; Table 3).

Greater sap flux in wateredlun-shaded trees in 2003 could have resulted in greater

assimilation, but photosynthetic potential did not respond to increased water availability.

Wateredlun-shaded trees did not exhibit significantly higher maximum potential

photosynthesis (Amax; p-value < 0.15), maximum carboxylation (Vcmax; p-value < 0.16),

regeneration of RuBP (Jmax p-value <0.36), or nitrogen content (p-value <0.26)
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compared to control/un-shaded trees during the 2003 growing season (Table 2), but

actually appeared lower. This was inconsistent with the 40% increase found in sap flux

for watered trees. Vcmax, Jmax, Amax, nor nitrogen content during 2004 revealed a water

treatment response, which was expected due to elimination of water treatments (Table 4).
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Figure 2. Moisture conditions throughout the 2003, 2004 growing season. Water
treatments were withheld in 2004. (a) Volumetric soil moisture in 2003 (cm3 cm3
measured at 30 cm depth with TDR); (b) Volumetric soil moisture in 2004 (cm3 cm3
measured at 30 cm depth with TDR); (c) sap flux in 2003 (cm hr').
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Table 2. Photosynthetic response to water and shade treatments for year Y02 (developed
pre-treatment) needles averaged from June and July 2003. Standard errors are reported
below each value in parentheses.
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Treatment

2003: June - July 2003; Y02 needles

V Jmax Amax
Percent

Nitrogen
N content

(g/m2)

Control 39 154 11 1.0 2.6
Unshaded (7) (40) (2) (0.15) (0.32)

Control 32 160 8 0.9 2.3
Shaded (7) (47) (1) (0.10) (0.29)

Watered 25 110 7 1.0 2.6
Unshaded (4) (15) (1) (0.03) (0.28)

Watered 24 106 8 1.0 2.5
Shaded (3) (38) (2) (0.07) (0.22)
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Trends in 2003 treatment average soil respiration that were not corrected for

temperature did not show any distinct pattern between water treatments until August,

when respiration of watered trees appeared to be greater than for control trees (Figure

3a). Soil respiration patterns in 2004 were extremely variable and inconsistent with the

previous year's water and shade treatment trends, probably because water treatments

were withheld in 2004 (Figure 3b). In order to investigate treatments over time, total soil

respiration trends as a fraction of the first day of measurement and normalized to 15 °C

(herein referred to as normalized soil respiration) during 2003 showed that soil

respiration rates under watered trees decreased over the season, but were not significantly

different from control trees until late in the season. Analysis of variance was run on each

day of normalized soil respiration measurements, and revealed that watered trees had

significantly greater soil respiration rates than control trees beginning August 19th, 2003

(p-value <0.01; Figure 3c). Normalized soil respiration rates of watered trees increased

to roughly twice that of control trees by September. The higher rates of sap flux in water

trees may have helped maintain greater soil respiration under watered/un-shaded trees

compared to control/un-shaded trees by allowing for continuous photosynthesis and

transport of carbon belowground for use in autotrophic respiration. Soil respiration

during May and June of 2004 did not show a strong water treatment response (Figure 3d),

which was expected since water treatments were removed.
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Figure 3. Total soil respiration by treatment for (a) 2003 and (b) 2004 and the
normalized change in total soil respiration from the first day of measurements in (c) 2003
and (d) 2004. Brackets represent standard errors for each point. Vertical dashed lines
mark the point of separation of autotrophic respiration for each year.

2003 2004

31



32

Trends in soil respiration became clearer when the ratio of soil respiration in

watered to control treatments, accounting for shade treatments, was plotted over time

(Figure 4a and 4b). Relative soil respiration was l40% higher under watered/un-shaded

trees than control/un-shaded trees in September of 2003, which is concurrent with the

40% increase in sap flux. In 2004, the ratio of soil respiration in watered to control

treatments declined 20%.

The separation of root/rhizosphere and heterotrophic fractions of total soil

respiration did not reveal strong treatment effects in 2003 (p-value <0.78). The Rh

fraction of soil respiration was roughly equal for both water/un-shaded (35%) and

control/un-shaded trees (38%) (Figure 5a). Even though photosynthetic potential was

lower in watered trees, greater sap flux indicated that assimilation might have been

maintained above control levels; this should have resulted in greater Rh. The 140%

increase in relative soil respiration indicated greater R1-1-h rates, but the root/rhizosphere

fraction of total soil respiration was not greater. It was possible that both the Rim and Rh

rates increased together and that this increase was not detected in the fractional

contributions to total soil respiration. During 2003, soil respiration was coupled to

moisture availability considering that the increase in relative respiration was linked to an

increase in the both the Rh and Rh fractions of total soil respiration.

In 2004, there appeared to be a carry over effect of watering in that the Rh

fraction of watered/un-shaded soil respiration was 17% higher than for control/un-shaded

trees (Figure 5b; p-value <0.012). In watered and control trees, the R1.1.h contribution to

total soil respiration was 55% and 38%, respectively. Thus, for a 40% increase in sap

flux of watered/un-shaded trees during 2003, Rh increased -17% the following year.
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Even though the RITh fraction of watered/un-shaded trees increased in 2004,

photosynthetic potential was similar between watered and control trees and relative soil

respiration rates actually decreased. It was possible that the decline in relative respiration

rates reflected a decrease in Rh activity due to lack of water stimulation in 2004.
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Figure 5. Autotrophic fraction (Rj.j.h) of soil respiration measured from the separation of
roots from the soil. Treatment averages with the same letter are not statistically different
at the 0.05 level. (a) Autotrophic contribution to soil respiration (%) in August, 2003; (b)
Autotrophic contribution to soil respiration (%) in June, 2004; (c) Respiration per unit
mass of fine roots (tmol m2 s g') in August, 2003; (d) Respiration per unit mass of fine
roots (tmol m2 s g') in June, 2004.
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The increase in total and normalized soil respiration under watered trees during

2003, and the large contribution from Rrrh in 2004 may be due to increased root growth,

growth respiration, and increased root activity. Root activity is the rate of respiration per

gram of fine roots; more active roots may be a sign of increased growth and maintenance

respiration, and potentially root longevity. There was no detectable change in fine root

mass in August of 2003 (p-value <0.38), even with increased normalized respiration, but

by June of 2004, previously watered trees had roughly 30% greater fine root biomass per

ground area (p-value <0.07; Table 3). Watered trees should have greater biomass since

soil water availability has been shown to be the dominant factor controlling root growth

in drought-prone forests (Lopez et al. 1998). Watered trees also had significantly higher

root activity than control trees in 2003 (p-value < 0.13), indicating that roots of watered

trees had slightly higher metabolic activity than control roots (Figure 5c). Root activity

during 2004 also appeared greater, but was not statistically significant (p-value < 0.34;

Figure 5d). Control/un-shaded trees were lower in total and normalized soil respiration

than watered/un-shaded trees maybe because they suffered from decreased maintenance

and growth respiration associated with root embolism and mortality. Young ponderosa

pine trees at this site usually experience extreme reductions in root conductivity and

subsequently, root embolism and mortality during growing season drought (Domec et al.

2004, Domec and Gartner 2003).

Water treatments successfully maintained minimal sap flux, total and normalized

soil respiration, and root activity above control/un-shaded tree respiration in 2003, and

increased root biomass and eventually the fraction of Rh in 2004, but these increases

were not coupled with increased photosynthetic capacity as measured by Vcmax, Jmax, and
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Amax. Photosynthesis was expected to increase with moisture availability. Law et al.

(2002) found that monthly Gross Primary Production is positively correlated with site

water balance (r2 = 0.58) for evergreen conifers. The roots of watered trees likely

experienced lower rates of embolism than control trees and were able to provide the

canopy enough moisture to maintain stomata! conductance. Watered/un-shaded trees

should have maintained their rates of carboxylation and potential maximum assimilation

due to a greater supply of CO2 to the photosynthetic apparatus and unlimited light energy,

while control trees slowed photosynthesis in response to drought induced stomata!

closure. The response of watered/shaded trees is discussed under the interactions section.
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Table 3. Morphological responses to treatments in 2004, including leaf area index (LAI),
specific leaf area (SLA) of Y02 and Y03 needle classes, leaf and fine root mass per
ground area, and the ratio of foliar to fine root mass (Mf / Mfr). Standard errors are
reported below each value in parentheses.

'Represents root mass taken from a 10 by 30 cm deep core.
2Total leafmass of needles grown in 2003 and 2004 (Mf) per total fine root mass
collected in 2004 (Mfr) per canopy ground area.
*

Represents a significant shade treatment effect at a p-value 0.05, two-sided.
**

Represents a significant shade treatment effect at a p-value 0.07, two-sided.
Represents a significant water treatment effect at a p-value 0.07, two-sided.

Treatment LAI Y02 Y03 Leaf Fine root Mf I Mfr2
(cm2 1cm2 ) SLA SLA mass mass1 (g m2/g m2)

(cm2/g) (cm2/g) (g/m2) (g/m2)

Control 1.37 39.0 45.6 222.2 367 0.63
Unshaded (0.10) (2.12) (3.23) (8.99) (45.1) (0.09)

Control 1.13 40.2 53.8* 150.5** 426.4 0.36**

Shaded (0.19) (2.38) (3.21) (20.7) (45.0) (0.06)

Watered 1.53 42.6 47.4 282.5
5445***

0.51
Unshaded (0.36) (3.22) (1.73) (56.6) (56.3) (0.07)

Watered 1.44 40.7 52.5
*

208.2
**

522 0.43
**

Shaded (0.23) (2.18) (1.33) (33.9) (85.4) (0.10)



Shade treatment response

Shade treatments effectively reduced within-canopy PAR, but not enough during

the 2003 field season to detect differences in mid-season Vcmax, Jmax, or Amax on sun-

grown foliage (Y02, from previous year; Table 2). Neither percent nitrogen nor nitrogen

content of Y02 needles was different among shade treatments. The distribution of

nitrogen within and between leaves is controlled by changing light environment, but

artificial shading of sun-formed foliage retains its original nitrogen content (Brooks et al.

1996), so a lack of shading response was expected in Y02 needles.

In 2004, A/Ci response curves clearly revealed a shade treatment effect. In May,

Vcmax and Jmax of shade-grown needles (Y03 needles) were significantly greater than

unshaded needle Vcmax (p-value < 0.01) and Jmax (p-value <0.005; Table 4). We also

calculated Vcmax per gram of foliage and found the same result (p-value <0.01). In a sub-

alpine fir branch manipulation study on the recovery of photosynthesis in high and low

light regimes, Monson et al. (in press) found the opposite: higher Vcmax in high light. The

Vcmax rates of our study could be the result of faster up-regulation of photosynthetic

processes in the Y03 foliage at the beginning of the 2004 growing season, possibly

extending the period of photosynthetic uptake of the shaded trees and increasing seasonal

net ecosystem exchange. The trees may have experienced less photo-inhibition during

the winter months, when snow reflectance and needle damage are greatest, due to

physical protection of the shade cloth (Oquist and Huner 2003). Early recovery of

Rubisco activity and photosynthesis can account for up to 24% of cumulative net

ecosystem exchange for the whole growing season (Monson et al. in press). Shade-
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grown needles (Y03) seemed to acclimate to the shade environment by increasing

photosynthetic efficiency under low light at the beginning of the season. Even though

shaded trees had higher carboxylation rates in shade-grown needles, sun-grown needles

(Y02) revealed similar Vcmax values between treatments, increased Jmax with shading, but

lower Amax compared to un-shaded needles (p-value <0.05; Table 4). If sun-grown

needles were acclimating to the shade treatment, Vcmax would be higher in shaded trees.

Jmax is a light-limited reaction and should also increase under shading, assuming that

more nitrogen is allocated to the light-harvesting complex. The decrease in Amax was

expected, but was not as extreme as anticipated considering the reduction in light within

shaded trees. Brooks et al. found that Amax of shaded sun-grown foliage was lower than

sun foliage (1994, 1996). There were no detectable differences among percent nitrogen

or nitrogen content in May of 2004.

In June of 2004, the shade effects on Vemax, Jmax and Amax were more consistent

with results of Monson et al. (in press) and Whitehead et al. (2004). The shaded trees had

significantly lower Vcmax values for both needle age classes (Y02 and Y03) than that of

un-shaded needles (p-value <0.001 and 0.05, respectively). It appeared that average Jmax

was lower for shaded trees (Y02 p-value <0.09; Y03 p-value <0.07), and Amax values

were significantly lower in shaded Y02 and Y03 needles (p-values 0.005 for both). The

percent nitrogen of Y03 needles was higher in shaded compared to un-shaded trees (p-

value <0.02; Table 4), but treatment differences in N content were negligible (Table 3).

Nitrogen content of the canopy has been correlated with maximum photosynthesis, and it

is often combined with the maximum carboxylation rate to estimate canopy

photosynthesis (Field and Mooney 1986, Williams et al. 1996), so you would expect less
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nitrogen in shaded versus un-shaded needles considering the measured decrease in

carboxylation, RuBP regeneration, and potential maximum assimilation. The nitrogen

concentration that is in Rubisco, however, may change with treatments. In Brooks et al.

(1994), nitrogen content did not decrease in artificially shaded sun-grown foliage to

levels found in naturally shade-formed foliage.

As the season progressed from May to June, the response of Vemax and Tmax shifted

from higher values in May to lower values in June of shaded trees. Also as the season

progresses, environmental stressors such as soil water deficit, nutrient deficiency, and

high temperatures constrain photosynthetic processes. The moisture stress experienced in

the canopy may have reduced stomata! conductance and hence supply of CO2. limiting

carboxylation. Jmax may be limited by increasing nitrogen deficiency and degradation of

the light-harvesting complex.

SLA of Y03 needles was higher in shaded versus un-shaded trees (p-value <0.03;

Table 3), indicating that morphology was shifting towards longer and thinner needles, a

common characteristic of shade-grown foliage. Bjorkman and Holmgren (1963) found

that shade leaves typically have higher SLA and lower photosynthetic capacity than sun

leaves, which is concurrent with the decreased photosynthetic biochemistry measured for

shaded needles.



Table 4. Photosynthetic response to water and shade treatments for Y02 (grown pre-treatment) and Y03 (grown during treatments)
needles during May and June of 2004 as measured by AICi curves and nitrogen measurements. Standard errors are reported below
each value in parentheses.

*Represents significant shade treatment effect at a p-value 0.05, two-sided.

2004-May 2004 - June

Vcmax Jmax %N N content
(Wm2)

Vcmax .Tmax %N N content
(g/m2)

Needle
Year

02 03 02 03 02 03 02 03 02 03 02 03 02 03 02 03 02 03 02 03

Control 24 20 107 92 9 9 1.0 1.2 2.5 3.0 25 26 128 127 9 9 0.9 1.0 2.3 2.3
Unshaded (0.9) (4) (18) (24) (0.1) (0.6) (0.1) 0.2) (0.4) (0.5) (0.5) (1.3) (18) (19) (0.3) (0.1) (.02) (0.1) (0.1) (0.3)

Control 30 44* 191* 222* 7* 8 1.0 1.3 2.4 2.5 19* 23* 105 118 7* 8* 1.1 1.4* 2.7 2.6
Shaded (4.2) (3.3) (35) (26) (0.2) (0.8) (.04) (0.1) (0.2) (0.1) (1.1) (3) (11) (2) (0.2) (0.7) (.04) (0.1) (0.1) (0.2)

Watered 25 27 104 123 9 10 LI 1.1 2.6 2.1 25 25 127 145 9 9 0.9 1.1 2.3 2.4

Unshaded (1.3) (3.7) (13) (6) (0.5) (0.9) (.01) (.02) (1.1) (0.3) (1.7) (1.3) (23) (8) (0.2) (0.7) (.06) (.05) (0.3) (0.1)

Watered 29 40* 173* 225* 6* 8 0.9 1.2 2.3 2.5 17* 19* 89 109 6* 6* 0.9 1.2* 2.2 2.4

Shaded (5.3) (4.6) (35) (44) (1.6) (1.7) (.08) (.08) (0.1) (0.2) (0.6) (0.9) (7) (6) (1) (0.8) (.02) (.05) (0.2) (0.1)
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Total and normalized soil respiration trends during 2003 and 2004 showed

decreased respiration rates under control/shaded trees (Figure 3). It was unclear whether

carbon assimilation was reduced under shaded trees considering that carboxylation and

potential maximum assimilation were not consistently reduced under shaded trees until

June of 2004 and sap flux was greater under shaded trees, indicating greater transpiration.

Transpiration is positively correlated with photosynthesis and greater stomatal

conductance, which may have decreased the effectiveness of the shade treatment in

reducing carbon gain. Assuming carbon assimilation was reduced under control/shaded

trees versus control/un-shaded trees, soil respiration should have been reduced,

presuming that respiration is dependent on supply of current photosynthate (Hogberg et

al. 2001, Bhupinderpal-Singh et al. 2003). Irvine et al. (2002) noticed that declines in

soil CO2 efflux at the young ponderosa pine site corresponded with declines in

assimilation rates. The ratios of shaded to un-shaded respiration in the un-watered trees

decreased gradually beginning mid-June, such that relative soil respiration under shaded

trees was reduced by -40% in 2003 (Figure 4c) and 50% in 2004 (Figure 4d). The

reduction in soil respiration is consistent with the 37 - 65% decrease found by Hogberg

et al. (2001) and Ekblad and Hogberg (2001). Watered/shaded trees maintained the

greatest rates of normalized respiration, which is inconsistent with the anticipated

reduction in respiration due to decreased supply of photosynthate and will be discussed in

the interactive treatment effects section.

The separation of autotrophic and heterotrophic respiration in August of 2003 and

June of 2004 did not reveal a significant shading treatment effect (Figure 5a and 5b).

Separation was performed at the lowest respiration rates of the 2003 growing season, but
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a reduction in the Rffh fraction could not be found. Despite consistent reductions in

photosynthetic potential throughout 2004, assimilation must not have been reduced

enough to affect the Rh fraction. Soil autotrophic respiration can become decoupled

from the supply of current photosynthate due to use of stored carbohydrates within roots

for metabolism (Bbupinderpal-Singh et al. 2003).

Even though a shade treatment effect was not detected in fine root biomass,

canopy foliar mass showed that shaded trees had less foliar mass than un-shaded trees in

2004 (p-value <0.07; Table 3). The ratio of recently grown foliage mass (Y03 and Y04)

to fine root mass (Mf:Mfr) was lower in shaded versus un-shaded trees (p-value < 0.07;

Table 3), most likely a result of decreased foliar mass, indicating that shading may have

reduced aboveground carbon allocation. This is the opposite of expected carbon

allocation because carbon is usually allocated to where resources are limited, but perhaps

the respiration costs of additional needle growth outweighed light harvesting benefits

under the shade treatments or low soil nitrogen became the most limiting factor.

The shading of control trees was eventually successful at reducing soil respiration

and photosynthetic potential (Vemax, Jmax, and Amax), possibly causing a slight reduction in

assimilation. The strong reliance of respiration on transport of current photosynthate was

not as evident for this site and shade treatment as has been found in other studies. Similar

studies found a time lag of several days between current photosynthate assimilation in

summer and soil respiration rates (Horwath et al. 1994, Ekblad and Hogberg 2001,

Hogberg et al. 2001, Bowling et al. 2002), indicating a tight coupling of above and

belowground processes that responds to short-term environmental conditions during the

growing season (Bhupinderpal-Singh et al. 2003, Ekblad et al. 2005). It is unclear why



45

the ponderosa pine trees of this study took months to reach minimum soil respiration

during shading. The application of shade cloth to reduce photosynthesis was not as

destructive or effective at cutting off the supply of assimilates as was girdling (Hogberg

et al. 2001) and the reduction in light interception may have gradually slowed carbon

transport due to reduced production of assimilates as found in a tracer study (Ekblad and

Hogberg 2001). Another way photosynthesis and belowground processes can become

decoupled is through the use of stored carbohydrates in the roots to maintain root

respiration (Bhupinderpal-Singh et al. 2003).

Interactive Treatment Effects

We examined the interactive effects of watering and shading because we expected

that watering would increase photosynthesis and soil respiration while shading would

decrease both, leading to effects that could cancel out. Irvine et al. (2002) found that the

water stress experienced by these trees reduces canopy conductance beginning in July,

resulting in decreased carbon assimilation and soil respiration. They concluded that

photosynthesis responds to soil water deficit by reducing the supply of internal leaf CO2

through reduced stomata! conductance (Irvine et al. 2002), so increased moisture

availability should result in the opposite effect on leaf processes. Visual inspection of

daily sap flux trends revealed that all trees exhibited peak fluxes during midday up until

August, when fluxes were so diminished that only shaded trees recovered in early

morning. Watered/shaded trees were able to maintain greater sap flux rates throughout

the day and longer through the season than any other treatment combination, indicating
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that watering with shading may have partially alleviated water stress experienced in the

canopy and soil water deficit. Watered/shaded trees also did not show consistent

reductions in photosynthetic potential as measured by Vcmax, Jmax, and Amax until June of

2004. The shade cloth was more effective in 2004, possibly increasing the diffuse

fraction of light, which has been shown to actually increase the efficiency of gas

exchange (Hollinger 1994). Better efficiency of gas exchange would help explain why

there was no difference among measures of potential photosynthesis in 2003. Greater

nitrogen sequestration through increased root biomass and decreased winter

photoinhibition due to physical protection by the shade cloth could be why Vemax and Jmax

of 2004 were greater during spring. Nitrogen content values of watered/shaded needles

did not reflect a potential increase, but nitrogen in Rubisco may have increased, allowing

for greater Vemax.

Up until the end of the 2003 season, normalized soil respiration of watered/

shaded trees tended to be slightly higher than watered/un-shaded trees (Figure 3c). By

September of 2003, the ratio of relative respiration rates in the watered to un-watered

trees increased to a maximum of --140% in un-shaded trees, whereas shaded trees

experienced a more dramatic increase of--240% with watering (Figure 4c). Again,

shading may have actually aided physiological processes by further relieving whole plant

water stress, potentially increasing stomatal conductance in the canopy, and allowing for

similar photosynthetic production as in un-shaded trees in 2003 (Table 2). Despite the

removal of water treatments, relative ratios of watered to un-watered respiration during

2004 showed similar trends in shaded trees (relative increase of 240%), but un-shaded

trees experienced a slight decrease in respiration (Figure 4d). As in normalized soil
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respiration trends, watered! shaded trees exhibited the greatest fraction of autotrophic

respiration for both years (not significant in 2003, water:shade interaction p-value < 0.05

in 2004; Figure 5a and 5b). Watering combined with shading was found to increase

normalized soil respiration in both years, allowed for greater root retention and/or growth

and activity, while reducing plant moisture stress and photosynthetic potential, but not

enough to shift allocation aboveground. With the key resources (moisture and

photosynthate) being supplied belowground, it is not surprising that Rh fractions would

increase, becoming more prevalent as seasons passed.

Conclusion

Soil moisture availability is a dominant driver of soil respiration at many sites

(Ekblad et al. 2005), but particularly at our semi-arid young ponderosa pine site.

Watering may not have increased potential or actual canopy assimilation as much as

anticipated, but was found to be a strong driver of soil respiration in 2004 when water

was not applied, positively influencing root biomass and the root/rhizosphere fraction of

respiration as Irvine et al. (2004) suggested, although they did not measure Rh to verify

this. It was possible that not enough water was applied to significantly increase potential

photosynthesis in 2003, but was just enough to maintain plant water transport and

increase root-rhizosphere and heterotrophic fractions of respiration simultaneously.

Shading further demonstrated the dependence of soil respiration on supply of

current photosynthate, but these ponderosa pine trees were not as tightly coupled in time
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as found in many other studies or to the fraction of autotrophic respiration. It was also

interesting that the trees still maintained photosynthesis under the shade for over two

growing seasons, implying that ponderosa pine trees are not very shade-intolerant over a

relatively short time period or that the shading helped alleviate moisture stress and

increase the diffuse fraction of light, and hence, the efficiency of gas exchange. Shading

reduced aboveground carbon allocation, creating an apparent shift in allocation

belowground. We speculate that soil nitrogen is more limiting than reduced needle

growth in determining allocation of carbon. Shading may have also increased seasonal

carbon assimilation by reducing winter photoinhibition.

The consequences of the combination of increased moisture availability and

reduced light, and potentially photosynthesis, are that water treatment effects are

accentuated because plant moisture stress was further reduced. Watering and shading at

the same time were not necessarily optimal conditions for plant growth, but did reveal the

strongest link between canopy processes and root/rhizosphere respiration.

The long-term implications are that increased root growth due to watering and

decreased aboveground carbon allocation due to shading may carry over into the

following year. Also, faster up-regulation and increased photosynthetic efficiency of

shaded trees in the beginning of the season could result in greater net carbon

sequestration over the season and between years. Predicting the response of R1-1-h and its

contribution to ecosystem carbon exchange to future climate change may be

underestimated without considering the effect of the current and previous year's

environmental conditions on physiological processes, including carry over effects of

watering on biomass accumulation and of shading on carbon allocation.
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The effects of water and shade treatments on photosynthesis and root-rhizosphere

respiration in young ponderosa pine

CHAPTER 3

Conclusion

Water and shade treatment responses were generally consistent with findings of

past studies on photosynthesis and respiration, with a few exceptions.

Water treatments successfully increased total soil respiration and root activity in

2003, and eventually autotrophic respiration (Rh) and root biomass in 2004, but these

increases were not reflected in maximum carboxylation and potential assimilation rates.

Increased moisture availability should have been positively correlated with

photosynthesis due to increased stomatal conductance and supply of CO2. Increased

moisture mainly increased belowground processes, which carried over into the next

season through greater retention andlor construction of fine roots.

The shading treatment alone was successful at reducing photosynthetic potential,

as well as soil respiration to similar rates found in other studies, further demonstrating the

reliance of respiration on transport of photosynthate. It took roughly two months to reach

minimum soil respiration, indicating that the coupling of soil respiration to current

photosynthate was not as strong as anticipated or that the shade treatment was not
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efficient. De-coupling may have been the result of increasing the diffuse fraction of

radiation under shade cloth, which maintained photosynthesis and gradually reduced

production of assimilates and carbon transport. The use of stored carbohydrates in the

roots to maintain root respiration could also de-couple above and below ground

processes. Unfortunately, the reduction in soil respiration was not extreme enough to

find any shade treatment differences in root/rhizosphere fractions. Interestingly, shading

did seem to reduce aboveground carbon allocation, allowing for an apparent shift in

allocation belowground, possibly to promote root development in order to access greater

soil moisture and nitrogen during stand development.

The interaction of water and shade treatments did not cancel each other out, but

amplified belowground responses. Relative soil respiration was greater in water/shaded

treatments during both years, despite the removal of watering in 2004. The combination

of shade and water supplied the key resources of moisture and just enough photosynthate

belowground to create the greatest Rri.h contribution to total soil respiration.

This study would further benefit from multi-season and year measurements in

order to capture base variation, seasonal trends, and year-to-year fluctuations in whole

tree responses. Further replication of treatments might also give greater insight to

mechanisms behind increased moisture regimes and reduced photosynthesis scenarios

and the potential carry over effects from these treatments. It would be interesting to see

if another season of shading resulted in an extreme enough reduction of assimilation to

shift carbon allocation primarily aboveground or if long-term watering allowed roots to

reach a maximum biomass threshold that resulted in faster turnover rates and consistently

elevated respiration levels. Changes in production, allocation and respiration like the
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ones mentioned above, have ecosystem level implications, potentially altering its

source/sink status for carbon.

The data we generated from this site specific study may help predict carbon

exchange for this ecosystem. The response patterns of photosynthesis, soil respiration,

and carbon allocation to water and shade treatments can add to the knowledge base of

fine scale process models, like the Soil Plant Atmosphere model (Williams et al. 1996,

Schwarz et al. 2004), which in turn may possibly contribute new hypotheses about

positive and negative feedback effects on belowground plant processes and allocation

indices that are based on multi-year moisture and photosynthesis data to large-scale

ecosystem production models. Given the parameters collected, a 'treatment state' model

could be run for individual trees at the young ponderosa pine site to estimate the response

of net carbon exchange to the treatment combinations. The 'treatment state' model could

then be compared to above-canopy flux values known for that site to quantify how much

net ecosystem production could change under the elevated moisture conditions and

decreased light availability. Applications of flux models like SPA generally do not carry

over environmental effects on carbon allocation and accumulation from one year to the

next and adding such pools could improve performance in multi-year simulations. The

use of a simplified version of SPA with poois has been tested using data assimilation

techniques at the young pine site (Williams et al. 2004), and our next step is to evaluate

the interactive effects of the treatments on photosynthesis and respiration.
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