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Loblolly pine (Pinus taeda L.) forests are a dominant forest type in the 

southeastern United States, and are of great ecologic and economic value. The impact 

of fertilization on the growth and water relations of loblolly pine has been investigated by 

numerous studies; however the effect of drought is not well understood. Drought is of 

particular interest due to the potential for climate change to alter soil water availability. 

In this study we investigated the impact of fertilization and a 30% reduction in 

throughfall and on loblolly pine productivity, transpiration, hydraulic conductance, and 

stomatal conductance sensitivity to vapor pressure deficit. The study was installed in a 

ten-year-old loblolly pine plantation on a somewhat poorly drained site in northern 

Florida.   

Throughfall reduction did not impact forest productivity or water relations. This 

lack of response was attributed to abundant rainfall and the ability of trees to access the 

shallow water table at this site. Fertilization increased basal area production by 0.6 

m2∙ha-1∙yr-1 and maximum leaf area index by 0.5 m2∙m-2, but did not affect whole-tree 

hydraulic conductance or the sensitivity of stomatal conductance to vapor pressure 

deficit. During the spring, when leaf area and vapor pressure deficit were high, the 
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fertilizer only treatment increased monthly transpiration by 17% when compared to the 

control. This relationship, however, was not significant during the rest of the year. This 

study suggest that a 30% reduction in throughfall does not affect the growth or water 

relations of loblolly pine forests on somewhat poorly drained sites. 
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CHAPTER 1 
LITERATURE REVIEW 

Development of Southern Pine Plantation Management  

Over the last 70 years the productivity and extent of pine plantations have 

dramatically increased in the southeast United States (U.S.). From 1952 to 2000 the 

area of pine plantations in the South increased from 728,434 hectares containing 18.6 

million m3 of timber to 13 million hectares containing 677 million m3 of timber (USDA 

1988; Wear and Greis 2002). Loblolly pine (Pinus taeda L.) accounts for 84% of all 

seedlings planted in the southeastern U.S. and is the nation’s leading timber species 

(Schultz 1997; McKeand et al. 2003).  Since the 1950s the productivity of these 

plantations has increased three-fold, while rotation lengths have decreased by more 

than 50% due to advances in silvicultural practices and genetic selections (Johnsen et 

al. 2001; Fox et al. 2007). Due to these advances, the management of loblolly pine and 

slash pine (Pinus elliottii) plantations now commonly include elements of mechanical 

and chemical site preparation, fertilization, herbaceous weed control, and deployment of 

genetically improved planting stock (Jokela et al. 2010). Although all of these practices 

have been shown to increase southern pines growth, the relative benefit of any 

particular practice varies across the region due to differences in site conditions. 

In the 1950s, when southern pine plantation management was expanding, site 

preparation was not common due to the cost (Fox et al. 2007). The importance of site 

preparation, however, was highlighted by observations that many plantations 

established on cutover forests failed while plantations established on old agricultural 

fields were successful. This difference in survival was attributed to sites established on 

old fields having reduced hardwood competition, increased fertility, and more favorable 
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soil physical properties due to previous agricultural management (Fox et al. 2007). 

These observations, and management experiments (Gent et al. 1986; McKee and 

Wilhite 1986; Kyle et al. 2005; Fox et al. 2007), have led to site preparation practices 

that increase site fertility, improve soil physical properties, and reduce hardwood 

competition becoming common in southern pine plantation management. For example, 

in the lower Coastal Plain, where seasonal high water tables and flooding can limit 

productivity, bedding has become a common practice and has been shown to 

significantly increase volume production (Gent et al. 1986; McKee and Wilhite 1986; 

Kyle et al. 2005). The use of fertilization and weed control treatments have also 

significantly increased volume production in these systems (Fox et al. 2007).  

The productivity of most southern pine plantations are limited by the availability of 

essential elements, especially phosphorous (P) and nitrogen (N) (Pritchett and Swinford 

1961; Jokela and Stearns-Smith 1993; Hynynen et al. 1998; Amateis et al. 2000). 

Consequently, over 400,000 ha are fertilized with P and N in the Southeast each year 

(Albaugh et al. 2007). Although P and N are the most common nutrients applied to 

these systems, micronutrients such as copper and manganese have also been shown 

to limit growth on certain sites (Jokela et al. 1991; Vogel and Jokela 2011). Due to these 

nutrient limitations, the application of fertilizer has been shown to drastically increase 

the productivity and leaf area index (LAI) of southern pines on a range of sites 

throughout the Southeast (Albaugh et al. 1998; Martin and Jokela 2004; Kyle et al. 

2005; Fox et al. 2007). This increase in productivity is likely the result of numerous 

physiological responses to increased nutrient availability.  
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The increases in LAI associated with fertilization, increase the capacity of the 

canopy to intercept solar radiation and therefore increase aggregate photosynthesis 

(Vose 1988; Albaugh et al. 1998; Martin and Jokela 2004). As a result a strong 

correlation between foliage biomass and stemwood production has been observed in 

loblolly pine (Teskey et al. 1987).  Although fertilization increases the capacity of the 

canopy to undergo photosynthesis the response of leaf-level net photosynthesis (Anet) is 

unclear for loblolly pine. Fertilization has consistently been shown to increases the foliar 

nitrogen concentration ([N]) of loblolly pine (Murthy et al. 1996; Albaugh et al. 2004; 

Martin and Jokela 2004; Choi et al. 2005). Although increases in Anet with increased 

foliar [N] have been observed in numerous species (Brix 1971; Evans 1989; Sinclair and 

Horie 1989; Mitchell and Hinckley 1993; Bond et al. 1999), this relationship is not 

entirely clear for loblolly pine (Martin and Jokela 2004). Conflicting results are abundant 

in the literature with numerous studies reporting a positive relationship between foliar 

[N] and Anet (Tjoelker and Luxmoore 1991; Green and Mitchell 1992; Murthy et al. 

1996b; Samuelson 2000; Lai et al. 2002) while many others did not observe any effect 

(Samuelson 1998; Tang et al. 1999; Samuelson et al. 2001; Munger et al. 2003; Martin 

and Jokela 2004). These differences in the response of Anet to foliar [N] may be due to 

the differences in the inherent fertility of the various study sites. A critical foliar [N] of 

1.1% has been reported for loblolly pine (Allen 1987). Many of the unfertilized trees in 

studies that reported increases in Anet with increases in foliar [N] had foliar [N] below this 

critical value while the opposite was true for studies that did not observe a difference. 

Gough et al. (2004) observed a significant correlation between foliar [N] and Anet within 

the range of measured foliar [N] (0.8-1.6%); however, this relationship was not 
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significant for values above 1.2% foliar [N]. These results suggest that fertilization may 

increase Anet on sites where nutrient limitation causes foliar [N] to be below the critical 

value, but may not affect Anet on sites where critical values of foliar [N] are maintained. 

Due to the modest and often insignificant increases in Anet with fertilization, it is likely 

that the observed increases in productivity are the result of increases in LAI rather than 

physiological adjustments at the leaf level. Another contributing factor may be that 

fertilization might decrease root carbon allocation relative to aboveground carbon 

allocation; however, few studies have investigated this effect (Haynes and Gower 1995; 

Albaugh et al. 1998). 

Competition with hardwood and herbaceous species was a significant obstacle in 

the development of southern pine plantation forestry. The incorporation of herbicide 

treatments in the management of southern pine plantations has increased growth by 

100% or more (Fox et al. 2007). Understory elimination not only decreases competition 

for resources, but also allows for a shift in resource allocation from belowground to 

aboveground, thereby increasing stemwood growth (Shan et al. 2001). The benefit of 

herbaceous weed control on the productivity of southern pine plantations is well 

documented (Borders and Bailey 2001; Amishev and Fox 2006; Jokela et al. 2010). For 

a variety of sites in Georgia, Borders and Bailey (2001) observed that the impact of 

herbaceous weed control on loblolly pine productivity was significantly greater than the 

impact of fertilization. In contrast, Jokela et al. (2010) observed that the impact of 

fertilization on loblolly pine productivity was greater than that of herbaceous weed 

control on sites in Florida. These differences could be due to differences in site 

conditions. In both studies the benefit of herbaceous weed control and fertilization 
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treatments was greater if applied together than if either treatment was applied 

individually. 

The productivity of southern pine plantations has increased dramatically due to 

the development of genetically superior genotypes and an increased understanding of 

how non-local seed sources perform off site. Extensive tree breeding efforts for loblolly 

pine began in the 1950’s and by the 1980’s seed orchards from the second breeding 

cycle were producing seed (Li et al. 1999). Plantations established with these second 

generation genotypes had 17-30% more volume per hectare at time of harvest than 

plantations established from wild seed sources (Li et al. 1999). These plantations not 

only exhibited higher volume production, but also had lower rates of fusiform rust 

(Cronartium fusiforme) infection and improved wood quality (Li et al. 1999). These 

improvements were assisted by breeders’ knowledge of how loblolly pine genotypes 

from different regions differ in a number of traits including: growth rate, stem 

straightness, fusiform rust resistance, cold tolerance, and drought tolerance (Lambeth et 

al. 2005). In general, loblolly pine genotypes in the eastern portion of the range have 

higher growth rates, lower drought tolerance, and lower fusiform rust resistance than 

genotypes from the western portion of its range (Lambeth et al. 2005). This information 

was not only useful in tree breeding efforts, but also assisted land managers in selecting 

which seed sources to deploy in different areas.  

In the early 1900’s the use of local seed sources collected within a 100 mile 

radius of a given site was recommended as these genotypes performed well under local 

conditions (Fox et al. 2007). This idea of “local is best” is logical in absence of 

information from well-conducted provenance and progeny trails. However, once this 
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information became available land managers were able to make informed decisions on 

the use of non-local seed sources (Lambeth et al. 2005). Private landowners in the 

Southeast have since used non-local seed sources in operational plantings for 

numerous reasons including: increased fusiform rust resistance, increased growth rate, 

and increased drought resistance (Lambeth et al. 2005). For example, in the 1970s 

Weyerhaeuser Company planted North Carolina genotypes on various sites throughout 

Arkansas and Oklahoma in order to increase the productivity of loblolly pine plantations 

in that region (Lambeth et al. 1984). Although these genotypes were observed to grow 

faster than local seed sources, they also exhibited reduced drought resistance and 

mortality rates on sites having a soil moisture deficit greater than 32 cm (Lambeth et al. 

1984). As a result this company began to limit the use of the North Carolina genotype to 

sites with soil moisture deficits below 32 cm. This example illustrates the potential gains 

in the informed use of non-local seed sources.              

Climate Change and the Southeast Unites States 

The concentration of carbon dioxide (CO2) and other greenhouse gases (GHGs) 

in earth’s atmosphere have increased markedly due to the combustion of fossil fuels 

and land use changes. The concentration of atmospheric CO2 has increased from 280 

parts per million (ppm) to over 400 ppm since the start of the Industrial Revolution and 

continues to rise at a rate of approximately 1.4 pmm∙yr-1 (Johnsen et al. 2001; 

Siegenthaler et al. 2005; Bala 2013). Is likely that atmospheric CO2 concentration will 

continue to rise as world energy demand is expected to increase 60% by 2030 and a 

vast majority of this demand will be met through the use of fossil fuels (Bessou et al. 

2011). The increased concentration of GHGs in the Earth’s atmosphere will have 

profound impacts on the global climate since these gases trap exiting solar radiation. 
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Although there is some uncertainly in the magnitude and rate at which climate change 

will occur, numerous models have been developed to address these issues at both the 

global and regional scale. 

Atmosphere-Ocean General Circulation Models require assumptions of future 

GHG emission rates in order to assess potential impacts of climate change. In 2000, a 

special report on emission scenarios (SRES) was developed for the Intergovernmental 

Panel on Climate Change (IPCC) (Nakicenovic and Swart 2000). The IPCC was formed 

by the World Meteorological Organization and the United Nations Environmental 

Programme in 1988 to assess potential impacts of climate change. Although the original 

SRES publication outlined four potential emissions scenarios, the A2 and B1 scenarios 

have become the most commonly used. The A2 scenario represents a largely “business 

as usual” future with: relatively little international cooperation, delayed deployment of 

renewable energy, and a relatively slow declines in fertility rates. The B1 scenario, on 

the other hand, represents a future of “environmental and social consciousness” with: 

increased international cooperation, timely and effective use of renewable energies, and 

a more rapid decline in fertility rates. 

In 2013 the National Oceanic and Atmospheric Administration released a 

technical report (NESDIS 142-2) that outlined potential changes in the climate of the 

U.S. under the A2 and B1 emission scenarios. This report was created to assist in the 

development of the U.S. National Climate Assessment which is currently being 

prepared in accordance with the Global Change Research Act of 1990 (Kunkel et al. 

2013). The NOAA NESDIS 142-2 report used fifteen Atmosphere-Ocean General 

Circulation Models to predict the impact of increased atmospheric GHG concentrations 
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on the climate of the U.S. by region. The reported changes in climate represent the 

mean output of these models as there tends to be considerable model to model 

variability. Under both the A2 and B1 scenarios, significant changes in temperature and 

precipitation are reported for the southeastern U.S.  

The southeastern U.S. will likely experience an increase in mean annual 

temperature of 2.3 to 3.6°C by 2070-2099 under the B1 and A2 emission scenarios, 

respectively (Kunkel et al. 2013). There is considerable variation in the output of 

individual models for this predicted change in temperature with estimates ranging from 

1.4 to 2.9°C for the B1 scenario and from 2.2 to 5.3°C for the A2 scenario. Although 

predicted temperature changes by 2070-2099 vary drastically under the B1 and A2 

scenarios, there is less of a difference between the two scenarios for temperature 

changes by 2021-2050 (1.3 vs 1.6°C). This highlights the importance of future GHG 

emissions on the magnitude of future temperature changes. Climate change will not 

only affect mean annual temperature but will also alter temperature extremes and the 

number of frost free days.  

Predictions for changes in annual precipitation by 2070-2099 for the southeast 

U.S. are much less certain, ranging from a 12% decrease to a 9% increase for the B1 

scenario and a 23% decrease to an 11% increase for the A2 scenario (Kunkel et al. 

2013). The median of the multi-model output was a 4% increase for both the B1 and A2 

scenario. The largest changes in precipitation are predicted to occur during the summer 

months (June, July, and August). Changes in summertime precipitation range from a 

24% decrease to an 18% increase under the B1 scenario and a 50% decrease to a 24% 

increase under the A2 scenario. Climate change will also influence the frequency of 
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extreme rainfall events and under the A2 scenario the number of days with more than 

50 mm of rainfall is predicted to increase by 32% by 2040-2079. Changes in 

temperature and precipitation patterns across the Southeast have the potential to 

impact the water supply of the region.  

In 2013 a National Climate Assessment Report was developed for the 

southeastern U.S. to inform the 2014 National Climate Assessment on the potential 

social, economic and environmental impacts of climate change. Among the many 

findings of this report was that the water supply of the region would become significantly 

stressed by 2050 due to several factors (Sun et al. 2013). The increases in future 

temperatures across the region will reportedly increase water loss through increased 

evapotranspiration (ET) which could decrease total stream flow, groundwater recharge, 

and regional water supplies. Under conditions of increased ET it is likely that water 

withdrawals for irrigation will increase in order to maintain a robust agricultural economy 

and maintain food prices. Irrigation has already expanded substantially in many 

southeastern states over the last 40 years. Predicted increases in energy demand will 

also have profound impacts on the water supply of the Southeast as power production 

by nuclear, coal, gas, and hydropower represents the largest overall use of water in the 

region. 

Carbon, Water, and Southeastern Forests 

The terrestrial biosphere is an important pool of carbon (C) storing approximately 

2000 Pg of carbon, approximately 60% of which is contained in forests (Winjum et al. 

1992; McKinley et al. 2011). Each year terrestrial ecosystems offset approximately 30% 

of anthropogenic carbon emissions by removing 3 Pg of carbon from the atmosphere 

through net growth (McKinley et al. 2011; Canadell and Raupach 2008). Forests cover 
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30% of the planet and store twice as much carbon as is contained in the atmosphere 

(FAO 2006; Canadell and Raupach 2008). Historic conversions of forest land to non-

forest land has released about 200 Pg of carbon and continue to release 1-2 Pg of 

carbon each year ( Canadell and Raupach 2008; McKinley et al. 2011). The potential of 

forest to reduce atmospheric CO2 concentration through increased sequestration has 

gained attention due to concerns over climate change.  

Forests have the potential to mitigate anthropogenic carbon emissions though: i) 

reforestation and afforestation, ii) increased forest carbon density, iii) expanded use of 

forest products, and iv) reduced deforestation and degradation (Canadell and Raupach 

2008). The conversion of non-forest land into forest has great potential to mitigate 

carbon emissions. Although competing land use, such as agriculture and pasture land, 

are often more economically attractive than forest management, afforestation could 

outcompete non-forest land uses if carbon markets were to be established. McKinley et 

al. (2011) estimated that if carbon markets were to be established at $18, $55, $100, 

and $183 per Mg C, then afforestation would mitigate 1, 37, 119, and 225 Tg C per year 

in the U.S., respectively. The carbon sequestered in current forest land also could be 

increased through altered forest management practices including increased harvest 

interval, increasing growth rate, and establishing preserves (McKinley et al. 2011). With 

carbon prices set at $18, $55, $100, and $183 per Mg C the use of these forest 

management practices are projected to increase the carbon sequestered in current 

forest land in the U.S. by 29, 60, 86, and 105 Tg C per year, respectively (McKinley et 

al. 2011). The timber harvested from these forests also plays an important role in 

mitigating carbon emissions by storing carbon in long-lived wood products such as 
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furniture, flooring, and lumber. The substitution of carbon intensive building materials, 

such as concrete and steel, with wood products can also significantly reduce carbon 

emissions. For example, the construction of concrete floors produces more than four 

times the GHG emissions of flooring constructed from wood products (Malmsheimer et 

al. 2008). Since deforestation currently releases significant amounts of carbon to the 

atmosphere, reducing the rate of deforestation will help avoid further increases in 

atmospheric GHG concentrations. If deforestation rates were to decrease by 50% by 

2050 and countries stopped deforestation once reaching 50% of their current forest 

area, an emissions equivalent of 50 Pg C would be avoided (Gullison et al. 2007). This 

“50:50:50:50” strategy illustrates that even if deforestation continues until 2050 there is 

the potential to avoid large amounts of potential emissions (Canadell and Raupach 

2008). 

The U.S. has been estimated to store 110,900 Tg of carbon, with 18.9% 

contained within the Southeast (Han et al. 2007). Of the 21,102 Tg of carbon stored in 

the Southeast, 78% is in soils, 21% is in forest biomass, and <1% is in crop and pasture 

biomass (Han et al. 2007). Approximately 50% of the Southeast is currently forested 

and the growth of these forests sequesters 76 Tg∙yr-1 (Johnsen et al. 2001b; Han et al. 

2007). This represents 13% of regional GHG emissions (504 Tg∙yr-1), and an additional 

9.3% of regional emissions could be sequestered in these forests through policy 

changes and best land management practices (Han et al. 2007). Not only are these 

forests important sources of carbon storage, buy they also play an important role in 

regulating water quality and yield. 
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Water draining from undisturbed forested landscapes is generally of high quality, 

especially when compared to landscapes dominated by agriculture, urbanization, or 

industry (Ice et al. 1997; Shepard et al. 2004; Schoenholtz 2004, Schoonover et al. 

2005). Forested watersheds provide clean drinking water and aquatic habitat for native 

species (Schoenholtz 2004). Forest management activities such as timber harvest, road 

construction, and site preparation can impact water quality. The most significant effect 

of forestry activities on water quality is potential increases in stream sediment loads 

(Schoenholtz 2004). Increased sediment loads can increase turbidity, alter the physical 

structure of streams, and degrade water quality as sediment typically carries nutrients 

and anthropogenic chemicals (Schoenholtz 2004). The use of best management 

practices (BMPs), however, can effectively minimize these impacts (Anderson and 

Lockaby 2011). Increases in sedimentation from timber harvesting are also short-lived 

and infrequent (Schoenholtz 2004). In the southeastern U.S. the use of BMPs, 

especially the implementation of streamside management zones, have been shown to 

effectively minimize stream sediment loads ( Anderson and Lockaby 2011). Streamside 

management zones also protect aquatic habitats by providing shade for streams, which 

maintains water temperatures and dissolved oxygen content near natural levels 

(Schoenholtz 2004). 

The relationship between water yield and forest cover has long been understood. 

Hibbert (1966) reviewed 39 studies available at the time and concluded that the 

reduction or removal of forest stands increases water yield and reforestation decreased 

water yield (Jackson et al. 2004). This relationship is driven by the impact of forests on 

landscape evapotranspiration (ET) rates. Water yield supplies both surface and 
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groundwater resources and is defined as the difference between precipitation (PPT) and 

ET (McLaughlin et al. 2013). Within the U.S., ET is greatest in the Southeast, averaging 

70% of PPT (Hanson et al. 1991). The ET of mature intensively managed pine 

plantations in this region, however, have been shown to exhibit ET levels above 90% of 

PPT (Gholz and Clark 2002; Sun et al. 2010). Evapotranspiration levels are typically 

lower in naturally regenerated pine stands with a range of 75-85% of PPT reported for 

stands in Florida (Powell et al. 2005; Bracho et al. 2008). Clear-cutting a forest 

drastically reduces ET and has been shown to increases stream flow (Bosch and 

Hewlett 1982; Jackson et al. 2004). A rise in the water table following timber harvest 

has also been observed in the Southeast, especially in the coastal plain (Williams and 

Lipscomb 1981; Sun et al. 2001; Bliss and Comerford 2002; Lu et al. 2009). Changes in 

ET can have profound effects on water yield since this is the dominant form of 

ecosystem water loss. For example, a reduction in ET from 90% to 80% of PPT would 

double water yield from 10% to 20% (McLaughlin et al. 2013). The balance of land 

cover types, especially forested land, across the Southeast, would have important 

impacts on future water yields due to differences in the ET of various land cover types 

and sensitivity of water yield to ET. 

Plant Water Relations and Southern Pines  

The movement of water from the bulk soil to the foliage of plants is governed by 

the principles of the cohesion-tension theory. This theory was first proposed 120 years 

ago by Dixon and Joly (1894) and, although there has been some debate, is now 

considered to accurately describe the movement of water through plants (Tyree 1997; 

Tyree and Zimmermann 2002; Angeles et al. 2004). Under the cohesion-tension theory, 

water moves through plants in a metastable state under tension. The movement of 
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water is driven by the evaporation of water from the walls of cells within the substomatal 

chamber (in leafs). This process is driven by large difference in the water potential 

within these cell walls and the water potential of surrounding air. As water evaporates 

the curvature of water menisci in cell wall microfibrils increases and creates surface 

tension such that the water potential of surrounding regions is lowered. The tension 

created through this process is transmitted through a continuous water column, running 

through the entire plant, which ultimately drives the movement of water. 

Water in xylem conduits is referred to as metastable when xylem pressures (PX) 

are below the vapor pressure of water since, under normal conditions, this water should 

evaporate. This metastable state is maintained by hydrogen bonding between individual 

water molecules (cohesion) and between water molecules and the cell walls of xylem 

conduits (adhesion). Although interfaces between air and water may exist in the column 

of water running through a plant, the small diameter of bordered pits between cell walls 

and surface tension of water prevent the passage of air. However, if PX becomes 

sufficiently negative air bubbles can overcome the surface tension of water and be 

pulled into xylem conduits. When this occurs, the water within the xylem conduit 

evaporates and the water column is broken. This process is known as cavitation. 

Cavitated xylem conduits are unable to transport liquid water and increase the 

resistance of the vascular system to the flow of water. The inverse of this resistance is 

generally referred to as hydraulic conductance (KS). The magnitude of PX is determined 

by the difference between soil water potential (ΨS) and leaf water potential (ΨL). 

Although plants have little control over ΨS, the magnitude of ΨL can be regulated 

through stomatal conductance (Tyree 2003). 
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Under conditions of water stress, which may be caused by a reduction in soil 

water availability or increases in vapor pressure deficit (D), plants tend to close their 

stomata. This reduces the risk of xylem cavitation by limiting dramatic reductions in PX 

(Sperry and Ikeda 1997; Sperry 2000; Tyree 2003). Stomatal conductance (GC) is 

extremely sensitive to changes in D and the level of ΨL at which stomatal closure 

occurs is closely related to the water potential at which xylem cavitation becomes 

significant (Cochard et al. 1996; Sperry and Ikeda 1997; Tyree and Zimmermann 2002). 

The PX at which cavitation occurs is determined by the morphology of xylem bordered 

pit membranes. In angiosperms, xylem vulnerability to cavitation is determined by the 

size of openings between microfibrils running across bordered pits. This is due to the 

pressure potential required to overcome the surface tension of water decreasing with 

increasing pores size (Tyree and Sperry 1989). In conifers, bordered pit membranes 

contain a valve like structure known as the torus margo, which protects xylem from 

adjacent cavitated cells by closing off bordered pits. In these species, vulnerability to 

cavitation is determined by the strength of the torus margo structure (Domec et al. 

2006). The PX at which KS is reduced by 50% (Ψ50) is a common measure of 

vulnerability to cavitation and varies widely among species. Values of Ψ50 tend to be 

more negative in plants that have evolved in dry environments and less negative in 

plants that evolved in wet environments. For example, plants in Mediterranean and 

desert climates have a median Ψ50 less than -4 MPa, while plants in tropical rainforest 

have a median Ψ50 of about -1 MPa (Bréda et al. 2006).  

Changes in D and soil water availability have significant impacts on the GC and 

KS of loblolly pine (Sperry 2000; Domec et al. 2009; Gonzalez-Benecke and Martin 
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2010). Vapor pressure deficit is the most important environmental variable to which 

stomata respond (Domec et al. 2009). The GC of loblolly pine has been observed to 

respond dynamically with changes in D by numerous studies; however, the sensitivity of 

this response varies widely (Ewers et al. 2001b; Samuelson and Stokes 2006; 

Samuelson et al. 2008; Gonzalez-Benecke and Martin 2010). The KS of loblolly pine is 

sensitive to changes in soil moisture largely due to dynamic changes in the KS of roots 

(Domec et al. 2009). Loblolly roots have been shown to lose 25-45% of conductivity at 

soil water potentials of -0.5 to -0.75 MPa, and at a water potential of -1.5 MPa a 50-80% 

loss in conductivity has been observed (Ewers et al. 2000; Hacke et al. 2000). 

Gonzalez-Benecke and Martin (2010) reported Ψ50 of -0.9 MPa for loblolly pine and 

observed a more than 3-fold increase in KS in response to irrigation. These results 

suggest that soil water availability is important in determining the KS of loblolly pine.      

Physiological Principles in Predicting Growth 

The Physiological Principles in Predicting Growth 3-PG model uses physiological 

process data, statistical growth and yield models, and easily obtained weather and site 

conditions to simulate the growth and yield of forest stands (Landsberg and Waring 

1997). When properly calibrated, the model has been shown to accurately predict forest 

productivity under varying environmental conditions in a variety of forests throughout the 

World (Coops and Waring 2001a; Coops and Waring 2001b; Tickle et al. 2001). The 3-

PG model is able to predict forest productivity under a variety of management and 

environmental conditions making it an especially useful tool for predicting the impact of 

climate change scenarios on loblolly pine stands (Landsberg et al. 2001).  

The carbon gain of forests is determined in 3-PG through the use of multiple 

growth modifiers on estimates of canopy quantum efficiency (Landsberg and Sands 
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2011). Canopy quantum efficiency (αC) represents carbon gain per unit intercepted 

radiation. The 3-PG model requires a species-specific parameter of αCx which 

represents the αC when no factors are limiting growth and atmospheric CO2 is at 350 

ppm (Landsberg and Sands 2011). An estimate of αC for a given time step is estimated 

by growth modifiers reducing αCx. Growth modifiers are functions that describe the 

influence of various environmental conditions on αC and include: temperature, number 

of frost days, site fertility, site salinity, atmospheric CO2 concentration, and ϑ. The value 

of ϑ is a function of either soil water content or vapor pressure deficit and is determined 

by whichever is more limiting. Once αC has been calculated from these growth 

modifiers, GPP is determined by a linear relationship between αC and radiation.  Due to 

this structure, the ability of 3-PG to accurately predict the growth of a given species is 

dependent on having quality estimates for the impacts of growth modifiers on carbon 

gain.        
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CHAPTER 2 
RESPONSE OF LOBLOLLY PINE TO THROUGHFALL REDUCTION AND 

FERTILIZER APPLICATION 

Introduction  

Loblolly pine (Pinus taeda) accounts for 84% of all seedlings planted in the 

southeast United States (U.S.) and is the nation’s leading timber species (Schultz 1997; 

McKeand et al. 2003). Within its native range, which extends from Texas eastward to 

Florida and northward to Delaware, there are approximately 12 million hectares of 

loblolly pine plantations (Schultz 1997; Smith et al. 2009). These plantations have 

tremendous ecological and economic value. Southeastern forests sequester 76 Tg of 

carbon each year which represents 13% of regional greenhouse gas emissions (Han et 

al. 2007). They also play an important role in regulating water quality and yield 

(Anderson and Lockaby 2011; McLaughlin et al. 2013). Loblolly pine forests provide 

habitat for a diversity of plants and wildlife including game species such as turkey and 

white-tailed deer (Palmer et al. 1993; Schultz 1997; Jones et al. 2009). The hunting of 

such game species is an important recreational activity in the region and provides over 

$5 billion to the southeastern economy each year (Southwick 1994). Forestry is also 

vital to the economy of the South providing 5.5% of the jobs and 7.5% of the industrial 

output (Wear and Greis 2002). 

The productivity of loblolly pine plantations is often limited by the availability of 

essential elements, especially phosphorus and nitrogen (Fox et al. 2007). As a result, 

the application of fertilizer to these systems has become a common practice and has 

been shown to increase stemwood production and leaf area index (LAI) on many sites 

(Albaugh et al. 1998; Albaugh et al. 2007; Jokela et al. 2010). The increases in LAI 

associated with fertilizer application also increase water use (Ewers et al. 1999; Ewers 
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et al. 2000; Samuelson et al. 2008). The water relations of these forests is of particular 

interest due to predictions that climate change will increase water supply stress in the 

southeastern U.S. and their role in regulating watershed yield (McLaughlin et al. 2013; 

Sun et al. 2013). 

The concentration of carbon dioxide (CO2) and other greenhouse gases (GHG) 

in the Earth’s atmosphere have increased markedly due to the combustion of fossil fuels 

and land use changes. The concentration of atmospheric CO2 has increased from 280 

parts per million (ppm) to over 400 ppm since the start of the Industrial Revolution 

(Siegenthaler et al. 2005; Bala 2013). This change in the composition of the Earth’s 

atmosphere will have profound effects on local climates. Climate change simulations 

using the assumptions of the Intergovernmental Panel on Climate Change A2 scenario, 

which represents a largely business as usual future, suggest that the southeastern U.S. 

would experience an increase in average temperature of 2.5 to 4.7°C by 2085 (Kunkel 

et al. 2013). Estimates for changes in precipitation for this region are much less certain 

and range from a 22% reduction to a 9% increase in summertime (June, July, August) 

precipitation by 2070-2099 (Kunkel et al. 2013). Increased average temperature and 

potential decreases in precipitation would decrease soil water availability and increase 

vapor pressure deficits (D). These changes could influence the carbon gain and water 

use of loblolly pine plantations due to the sensitivity of stomatal conductance to these 

variables. 

To undergo photosynthesis plants must display a large surface of fully hydrated 

cells to obtain carbon dioxide from the surrounding air. As a result, higher plants 

transpire approximately 100 to 1,000 water molecules per molecule of carbon 
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assimilated (Maseda and Fernández 2006). This places a large demand on soil water 

resources with nearly all the water entering plant roots being lost through stomata. 

Under conditions of water stress, which may be caused by a reduction in soil water 

availability or increase in D, plants tend to close their stomata. This reduces the risk of 

xylem cavitation by limiting dramatic reductions in xylem water potential (Sperry and 

Ikeda 1997; Sperry 2000; Tyree 2003). Cavitated vascular tissue is unable to transport 

liquid water and increases the resistance of the vascular system to the flow of water. 

The inverse of this resistance is generally referred to as hydraulic conductance. In 

plants, both stomatal conductance and hydraulic conductance can limit the rate of gas 

exchange and in turn carbon gain (Tyree 2003; Bracho et al. 2012). 

Several studies have investigated the impact of genetics, fertilization, and 

irrigation on the growth and water relations of loblolly pine (Ewers et al. 2000; 

Samuelson et al. 2008; Gonzalez-Benecke and Martin 2010; Aspinwall et al. 2011), but 

few have investigated the influence of drought on these factors (Tang et al. 2004). 

Given the economic and ecologic importance of loblolly pine forests, it is important to 

understand how potential changes in precipitation will impact their growth and water 

relations. The overall objectives of this study were to investigate the influence of 

throughfall reduction and fertilization on loblolly pine: i) productivity, transpiration, and 

whole-tree hydraulic conductance, ii) sensitivity of stomatal conductance to D, and iii) 

sap flow radial variation. To meet these objectives a replicated throughfall reduction by 

fertilization experiment was installed in a loblolly pine plantation in northern Florida. 
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Methods 

Study Design 

This study took place at the Pine Integrated Network: Education, Mitigation, and 

Adaptation Project (PINEMAP, www.pinemap.org) throughfall by fertilization study in 

Taylor County, Florida. The study design is replicated at sites in Georgia, Oklahoma, 

and Virginia and together they constitute the third tier of the PINEMAP monitoring 

network. For a detailed description of the PINEMAP Tier 3 network see Will et al. in 

review. The site is located on a Melvina-Moriah-Lutterloh soil complex which is 

characterized as a somewhat poorly drained fine sand (Soil Survey Staff 2012). The site 

was planted in the winter of 2003-2004 with a seed orchard mix of St. Joe Timber 

Company open-pollinated stock at a spacing of approximately 1.7 x 3.4 m.  

The study design is a randomized complete block containing two levels of 

fertilization and throughfall reduction in a 2x2 factorial arrangement, with four replicate 

blocks. Plots treated with fertilizer received 224N, 28P, 56K (kg/ha) and a micronutrient 

blend while plots treated with throughfall reduction received a 30% exclusion of 

incoming throughfall. A 30% reduction in throughfall was selected as this represented 

the extreme for predicted changes in drought severity within the United States at the 

time the study was established (Karl et al. 2009). The factorial design results in four 

individual treatment types. The sixteen plots were organized into four blocks to reduce 

the variability of plot basal area within a block (Table 2-1). The Treatment types were:  

Control (C): ambient throughfall, no fertilizer  

Fertilization (F): ambient throughfall, fertilization  

Throughfall Reduction (R): 30% throughfall reduction, no fertilizer 

Fertilization and Throughfall Reduction (FR): 30% throughfall reduction, fertilization.  

http://www.pinemap.org/
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All measurements were taken in 14.6 x 16.8 m measurement plots. The mean 

number of trees within measurement plots was 47. Measurement plots were surrounded 

by a 6 m treated buffer on all sides, followed by an additional 9.1 m buffer around the 

treatment plot. The gross area of the measurement and treated plots were 0.025 ha and 

0.047 ha, respectively. All plots received a broadcast application of 140 ml∙ha-1 of 

metsulfuron methyl and 4 l∙ha-1 of glyphosate to remove competing vegetation prior to 

treatments being applied in April of 2012. An inventory of all trees in measurement plots 

was conducted in the dormant season of 2011-2012 to assess baseline conditions. 

Additional inventories were conducted in the dormant season of 2012-2013 and 2013-

2014 to assess the impact of treatments on stand growth. Inventories included 

measurements of diameter at breast height (DBH, 1.37 m) and total tree height. The 

sapwood area of all trees was estimating using an allometric equation relating sapwood 

area to DBH as reported in Gonzalez-Benecke and Martin (2010). In the original 

publication the equation was misreported as the sign of the intercept was incorrect. The 

corrected equation is:  

 1     ln(AS)   15.347   2.185 ln (DBH) 

where AS is stem sapwood area in m2 and DBH is expressed in mm (Gonzalez-

Benecke, personal communication).  

Throughfall Exclusion Design 

Throughfall exclusion troughs were installed parallel to pine rows and were 

constructed using decay resistant lumber and Poly Scrim 12. Poly Scrim 12 is a 0.3 mm 

extrusion laminate with 2 layers of U.V. stabilized coextruded polyethylene and a high 

strength cord grid. Each throughfall exclusion structure contained two 0.5 m wide 

troughs separated by a 0.4 m opening (Figure 2-1). The opening between the exclusion 
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troughs was designed to allow some throughfall to access the area beneath each trough 

in order to minimize soil moisture heterogeneity. Exclusions structures were 

approximately 0.9 m in height at the low end and 1.4 m on the high end. PVC pipes and 

polyethylene drainage pipes were installed at the low end to remove the excluded 

throughfall from the gross plot area. The structures were installed such that 30% of the 

ground area was covered by troughs.  

Meteorological and Soil Measurements 

A weather station was installed on a tower above the stand in August of 2012 to 

measure photosynthetic photon flux density (PPFD) (Kipp & Zonon PQS1- par 

quantum), temperature and vapor pressure deficit (D) (Campbell Scientific HMP45AC), 

and precipitation (Texas Electronics TE525MM-L). All sensors were measured every 

minute and half hour averages were collected on data loggers.  

Soil volumetric water content was measured monthly from November 2013 to 

April 2014 using a Tektronix 1502B Metallic Time-Domain Reflectometer. 

Measurements were taken on tungsten inert gas (TIG) welding rods of varying lengths 

installed vertically into the soil. In each plot three pairs of TIG rods (30 cm, 60 cm, and 

84 cm lengths) were installed at two locations. One set of TIG rods was installed in the 

tree row and another set between tree rows. In plots containing throughfall exclusions 

the set of TIG rods between the tree rows was placed directly under an exclusion 

trough. The location of the TIG rods in the tree row was randomly selected and the set 

of TIG rods between the trees rows were installed adjacent to this location. 

Measurements were converted to volumetric water content using the Topp equation 

(Topp et al. 1980). The volumetric water content of the 30-60 cm (θ30-60) and 60-84 cm 

(θ60-84) soil regions was calculated as the difference of each reading from the reading of 
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the next shallowest soil depth, assuming that the original reading represented the 

weighted average of the entire measured soil profile: 

  2     θ30 60   
θ0 60   (0.5 ∙ θ0 30)

   
  

 3     θ60 84   
θ0 84   (0.7143 ∙ θ0 60) 

      
 

where θ0-60 is the volumetric water content of the 0-60 cm soil region and θ0-84 is the 

volumetric water content of the 0-84 cm soil region.  

The volumetric water content of the top 20 cm of soil (θ20) was measured monthly 

from April 2013 to December 2013 using a Campbell Scientific CS620 water content 

sensor. Measurements were taken in the tree row, a quarter of the distance between 

tree rows, and half of the distance between tree rows. For plots with throughfall 

exclusion structures this represented readings in the tree row, at the edge of an 

exclusion trough and directly under a trough. Additional CWS655 Campbell Scientific 

soil moisture probes were installed vertically at a depth of 2 m in all of the plots in block 

2. Measurements were taken every two minutes and half hour averages were stored on 

data loggers.  

Soil bulk density and texture was measured in the top 20 cm of soil in the winter 

of 2012-2013. Soil bulk density was measured using a soil bulk density sampler of 

known volume (150 cm3). Soil samples were collected for the 0-10 cm and 10-20 cm 

depths at three locations in each of the 16 plots. One sample was taken in the tree row, 

one was taken a quarter of the distance between tree rows, and one was taken half of 

the distance between tree rows. Soil samples were weighed after being oven-dried at 

105°C for 48 hours. Bulk density was then calculated as soil weight divided by soil 
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volume. To measure soil texture, samples were collected from eight random locations in 

each plot for each depth (0-10 cm and 10-20 cm). The eight samples were then 

randomly split into two groups for each depth and mixed, resulting in two samples per 

depth per plot. All samples where then homogenized, sieved to 2 mm, and roots and 

organic matter set aside. Forty grams of soil was taken from each sample for texture 

analysis using the hydrometer method outlined by Gee and Bauder (1986). 

Leaf Area Index and Specific Needle Area  

Litterfall was collected approximately every four weeks from June 2012 to 

January 2014. Each plot contained 12, 0.5 m2 litterfall traps. After collection any non-

needle material was removed from the sample and the remaining needles were oven 

dried for at least one week at 70°C and weighed. Leaf area index for each collection 

period was calculated as described in Martin and Jokela (2004).  Because the Martin 

and Jokela (2004) approach requires two years of litterfall data to calculate LAI for any 

particular date (a full year of litterfall for the previous phenological year, and for the 

subsequent phenological year), we were not able to directly calculate LAI for the first 

few months of our record or for the last few months of our record. To adjust for this, we 

simulated a year’s worth of litterfall prior to June 2012 by assuming that litterfall for the 

previous year was identical to that starting in June 2012.  We did the same for the year 

following our last litterfall collection in January 2014, by assuming that litterfall after that 

point was identical to that in the last year of our litterfall record. 

Specific needle area was measured on 5 trees per plot. Ten fascicles were 

collected from each sample tree on March 13, 2014. Needles were cut to 10 cm and the 

radius of each needle in each of the 10 fascicles per tree was measured. For each 

individual needle the radius was measured on the two flat sides and then averaged. All 



 

36 

needles were then dried at 65°C for four days and weighed. Specific needle area was 

calculated as the ratio of the surface area of all needles measured for a given tree 

divided by the dry weight of all the measured needles. 

Aboveground net primary productivity (ANPP) for the 2013 growing season was 

calculated as in Martin and Jokela (2004). Wood biomass increment was calculated 

using allometric equations (Gonzalez-Benecke et al. in press) and the biomass of 

foliage produced in 2012 (collected in 2013) was assumed to be equal to the biomass of 

foliage produced in 2013.   

Sap Flow and Transpiration 

Sap flux density (JS, g∙m
-2∙s-1) was measured in the stem xylem on a subset of 

five trees per plot (80 trees in total) throughout 2013 using Granier-style heat dissipation 

sensors (Granier 1985; Granier 1987). Each sensor consisted of a lower reference 

probe and an upper heated probe. Both probes were 20 mm in length with a T-type 

thermocouple (copper-constant) inserted at 10 mm. The upper probe contained a 

heating element which was continuously heated at a constant power of 0.2 watts. The 

lower probe was left unheated to measure the ambient temperature of xylem tissue and 

to act as a reference. The temperature difference (ΔT) between these probes was 

measured every minute and half hour averages were stored on data loggers. Values of 

ΔT were converted to JS using the empirical calibration developed by Granier (1985) 

and confirmed by Clearwater et al. (1999): 

 4     J
S
 119   (

 Tm  T

 T
)

1.231

 

where ΔT is the instantaneous temperature difference between the reference and 

heated probes and ΔTm is the maximum temperature difference. Values of ΔTm were 
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determined on nights when VPD was below 0.2 kPa for at least two hours, as there is 

little to no sap flow during these periods.    

Measurement trees were selected in the spring of 2012 using the “quantiles of 

total” technique (Čermák et al. 2004). This technique skews the selection of 

measurement trees toward larger diameter trees which tend to dominate stand 

transpiration. A summary of the minimum, maximum, and mean DBH of sap flow 

measurement trees at the start of 2013 is given in Table 2-2. All sensors were inserted 

into the north side of the tree and covered with reflective insulation to minimize the 

influence of solar radiation on the temperature of the stemwood.  

To account for radial variation in Js, the measurement trees closest to the 

quadratic mean diameter of 8 plots (2 per treatment) were outfitted with specialized 

probes to measure Js at the 2-4 cm and 4-6 cm depths from February, 2014 to April, 

2014. These probes were constructed using longer needles of the same gauge and 

material as the needles used in 20 mm probes. The outer 20 mm of the heated probes 

were outfitted with a heating element and the remaining portion of the needle was left 

unheated. Thermocouples were inserted at 10 mm from the end of each probe. In 5 

trees the 2-4 cm specialized radial variation probes were tested against the typical 20 

mm probes inserted into the 2-4 cm region of xylem. No differences were detected in 

sap flow measured using the two methods (p = 0.447).  

An equation was developed to correct estimates of JS measured in the outer 2 cm 

of sapwood to account for radial variation using the QT method described in Gonzalez-

Benecke and Martin 2010. For trees outfitted with radial variation probes, corrected half-

hourly estimates of transpiration (ERAD) were calculated by multiplying the JS measured 
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in each region of sapwood (0-2 cms, 2-4 cms, and > 4 cms) by the corresponding 

sapwood area of each region. Uncorrected transpiration estimates (E20) were then 

calculated by multiplying the entire sapwood area by the value of JS measured in the 

outer 2 cm of sapwood. A linear regression model was then developed to predict 

corrected transpiration estimates (ECOR) from E20, D, and PPFD: 

[5]    ECOR = -0.00065   0.88497∙ E20   0.0087∙D - 0.00001∙PPFD 

This equation accounted for 99% of the variation in ECOR. The variables D and PPFD 

were included in this model as they have been shown to affect the radial pattern of sap 

flow in loblolly pine (Gonzalez-Benecke and Martin 2010)    

After accounting for radial variation, transpiration for each measurement tree was 

calculated by multiplying the corrected JS estimates by total sapwood area. Plot-level 

transpiration estimates were calculated by using the proportion of total sapwood area of 

measurement trees in a plot to the total sapwood area of all trees within a plot. By using 

the quantiles of total method in selecting measurement trees, it was assumed that the 

summed transpiration estimates for the 5 measurement trees within a plot were 

representative of the greater plot area.  

Gaps that occurred in the JS dataset due to sensor error and power failure were 

filled using a variety of models. Regression models were constructed for each individual 

measurement tree relating the JS of each tree to the overall mean JS of all trees within a 

given treatment. The R2 of these models ranged from 0.87 to 0.99 with a mean of 0.96. 

If a data gap existed for any individual tree while sensors in other trees of the same 

treatment were functioning properly, values of JS were filled using these regression 

equations. For the entire data set of all 80 trees, 21% of the JS data points were filled in 
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this manner. If all of the sensors at the site were inoperable, due to power failure, then 

values of JS were filled from a nonlinear function which predicted JS from meteorological 

data. The R2 of these models ranged from 0.86 to 0.95 with a mean of 0.92. For the 

entire data set of all 80 trees, 14% of the JS data points were filled in this manner. Power 

failure occurred at the site during the entire month of December and values of JS were 

not calculated. For this month daily estimates of transpiration (EDay, mm) were filled 

using a model to predict EDay from meteorological data. The mean R2 of these models 

was 0.82.      

Stomatal Conductance 

Canopy stomatal conductance (GC) was calculated using the simplified version of 

the Penman-Monteith equation reported in Samuelson et al. 2007: 

 6     G
C
  
  EL

D cp
 

where   is the latent heat of vaporization (2465 J∙g-1),   is the psychometric constant  

(65.5 Pa∙K-1),   is the density of air (1225 g∙m-3), cp is the specific heat of air (1.01 J∙g
-

1∙K-1), EL is transpiration per unit leaf area (mm∙m
-2∙s-1), and D is vapor pressure deficit 

(Pa). Transpiration per unit leaf area was calculated by dividing canopy transpiration 

(mm∙s-1) by projected leaf area index. Values of GC were calculated only when D > 0.6 

kPa due to errors associated with calculations of GC at low D (Ewers and Oren 2000) .  

The sensitivity of GC to changes in D was described by fitting two different 

models previously developed to describe this relationship. The first model is reported in 

Ewers et al. (2001a): 

 7     G
C
  GCref   δ lnD    
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where GCref is the maximum GC in mmol∙m-2∙s-1
 at D   1 kPa and δ is the slope of the 

boundary line of the relationship between GC and ln D (kPa). The second model is used 

in the Physiological Principles in Predicting Growth model (3-PG) to describing the 

sensitivity of GC to changes in D: 

 8     ln(GC) ln(MaxCond)   CoeffCond  D 

where MaxCond is the maximum GC in m∙s-1 at D = 0 and CoeffCond defines stomatal 

response to D in mb-1 ( Landsberg and Waring 1997; Gonzalez-Benecke et al. 2014). 

Both of the models were fit using the quantile regression procedure in SAS 9.3 with a 

quantile threshold of 0.98 (SAS Inc., Cary, NC, USA) (Gonzalez-Benecke et al. 2014).  

Hydraulic Conductance 

Whole-tree sapwood-specific hydraulic conductance (Ks, mol∙m-2∙s-1 ∙MPa-1) was 

calculated for individual trees as the slope of the linear regression of JS and leaf water 

potential (ΨL) (Wullschleger et al. 1998). Measurements of ΨL were taken on shoot tips 

every two to three months using a portable pressure chamber (PMS 1000, MPS 

Instrument Co., Corvallis, OR, USA). Two of the four blocks were sampled on each 

measurement date due to time limitations. Samples were taken from four sap flow trees 

per plot from pre-dawn to late afternoon on each measurement day. Measurements 

were taken at approximately 2 hour intervals resulting in four to five measurements 

being completed for each tree on each day.  Shoot tips were collected using a pole 

pruner and were stored in plastic bags with wet paper towels in order to minimize 

desiccation. All measurements were completed within 3 minutes of shoot excision. The 

hydraulic conductance of each tree was then calculated and used to produce plot level 

averages for statistical analysis.  
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Statistical Analysis 

Analysis of variance was used to analyze the effects of treatments on growth and 

water relations traits, including Bonferroni adjustments. (PROC MIXED; SAS Institute 

Inc., Cary, North Carolina). The linear model for the analysis was 

 9      
i k
      Fi        F i    Bk    i k 

where Yijk is the parameter value of the plot with the ith level of fertilization (0,1), the jth 

level of throughfall reduction (0,1), in the kth block (1,2,3,4) and   is the population mean 

and  ijk is the error term ~NID (0, σ
2
 ) (NID, normally and independently distributed). For 

a given main effect a value of 0 represented not receiving a treatment while a value of 1 

represented receiving the treatment. Repeated measures analysis of variance was used 

to analyze time series data with an autoregressive covariance structure. Values of 

whole-tree hydraulic conductance were scaled to the plot-level by averaging the values 

for the four trees measured in each plot. 

Results 

Soil Bulk Density, Texture, and Moisture 

The bulk density and texture of the top 20 cm of soil was relatively consistent 

among treatments. The mean soil texture was 95% sand 4% silt and 2% clay. There 

were no differences in sand (p = 0.232) or silt (p = 0.198) content among treatments, 

but there were differences in clay content (p = 0.026). Soil bulk density did not differ 

among treatments for the 0-10 cm (p = 0.220) or 10-20 cm (p = 0.429) depths and 

averaged 1.12 and 1.2 g∙cm-3, respectively.  

Throughfall reduction decreased the volumetric water content of the upper 20 cm 

of soil (θ0-20), however this effect was not apparent at deeper depths. Values of θ0-20 

were reduced by a mean of 0.014 cm3H2O∙cm
-3soil in response to throughfall reduction 
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(p = 0.001). This estimate was calculated as the weighted mean of 3 θ0-20 

measurements taken at different positions on each measurement date. When analyzed 

individually, throughfall reduction significantly decreased θ0-20 in the tree line (p = 0.030), 

at the edge of exclusion troughs (p = 0.002), and directly under exclusions troughs (p < 

0.001). The region of soil directly under exclusion troughs also had significantly lower 

volumetric water content in the 0-30 cm (θ0-30, p = <0.001) and 30-60 cm (θ30-60, p = 

0.022) soil depths, but not the 60-84 depth (θ60-84, p = 0.084). Within the tree row 

throughfall reduction decreased θ30-60 (p   0.032) but not θ0-30 (p   0.134) or θ60-84 (p = 

0.210).  

Measurements of volumetric water content from the wired probes installed at 2 m 

were above 0.2 cm3H2O∙cm
-3soil throughout the entire measurement period (November 

2013-April 2014). For a similar soil Gonzalez-Benecke et al. (2011),  reported maximum 

values of θ during “wet” periods as 0.17 cm3H2O∙cm
-3. This, along with observations of 

water table depth, suggested that during this period the water table was consistently 

above 2m. Numerous studies have shown that for somewhat poorly to poorly drained 

sites in the lower coastal plain Flat-woods, the water table typically fluctuates between 

2m and the surface (McCarthy and Stone 1991; Teskey et al. 1994; Gholz and Clark 

2002; Powell et al. 2008).  

Leaf Area Index, Litterfall, and Growth 

Projected leaf area index (LAI) was greater in the fertilized plots in both 2012 (p = 

0.037) and 2013 (p < .001). Throughfall reduction did not significantly affect LAI. In both 

years LAI was at a maximum at the end of July and at a minimum at the beginning of 

March (Figure 2-2). Maximum values of LAI for fertilized and unfertilized plots were 3.7 

and 3.4 in 2012 and 4.3 and 3.7 in 2013, respectively (Table 2-3). Total annual litterfall 
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in 2013 was significantly greater in plots treated with fertilizer (p < .001). Litterfall rates 

were 6.5 Mg∙ha-1∙yr-1 for fertilized plots and 5.5 Mg∙ha-1∙yr-1 for unfertilized plots (Table 

2-3). Specific needle area was unaffected by both fertilization (p = 0.465) and 

throughfall reduction (p = 0.693). The mean specific needle area was 104.8 cm2∙g-1.         

Basal area increment was greater in plots treated with fertilizer in both 2012 and 

2013 (p = 0.007, p = 0.033) and was unaffected by throughfall reduction (p = 0.230, p = 

0.576). Growth rates were higher in 2012 than in 2013 and ranged from 4.0 to 5.0 

m2∙ha-1∙yr-1 and 3.4 to 4.3 m2∙ha-1∙yr-1 for each year, respectively (Table 2-3). The FR 

treatment had a lower absolute growth rate than the F treatment in both years, but this 

difference was not significant. Height growth was unaffected by the treatments and 

averaged 1.4 m∙year-1.    

Values of ANPP were 26.5, 28.1, 32.3, and 30.2 Mg∙ha-1∙yr-1 for the C, R, F and 

FR treatments respectively There was a significant F*R interaction for aboveground net 

primary production (ANPP) (p = 0.049) such that the ANPP of the F and FR treatments 

were both greater than the control (p < 0.001, p = 0.012), but only the F treatment was 

greater than the R treatment (p = 0.006) (table 2-3). There was no difference between 

the F and FR treatments (p = 0.096).       

Whole-Tree Hydraulic Conductance 

Whole-tree hydraulic conductance was not affected by fertilization (p = 0.276) or 

throughfall reduction (p = 0.425). There was, however, a significant effect of 

measurement date on Ks (p < 0.001) (Figure 2-3). Throughout the measurement period 

Ks ranged from 1.63 mol·m-2·S-1·MPa-1 in August of 2013 to 2.21 mol·m-2·S-1·MPa-1 in 

October of 2012. Similar to Ks, pre-dawn water potential (Ψp) was not significantly 
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affected by fertilization (p = 0.372) or throughfall reduction (p = 0.093), but did vary 

through time (p < .001). Values of Ψp ranged from -0.34 MPa to -0.53 MPa.                

Radial Variation in Sap Flow 

To examine the relative rates of sap flow at different depths in the xylem, we 

compared daily summed sap flow per unit sapwood area (Js) at 2-4 cm and 4-6 cm 

depths with daily sums in the outer 0-2 cm. Daily sums of Js decreased significantly with 

depth (p < 0.001). The Js of the 2-4 cm depth was on average 87% of the 0-2 cm Js in 

all treatments (Figure 2-4). The Js of the 4-6 cm depth was 58% of the 0-2 cm Js for the 

C, R and FR treatments, but 76% for the F treatment. Daily Js of the 0-2 cm depth did 

not differ among treatments (p = 0.598).  

Transpiration 

Total transpiration for 2013 (EYear) was not affected by fertilization (p=0.349) or 

throughfall reduction (p=0.544). Values of EYear were 535, 547, 596, and 546 mm∙yr
-1 for 

the C, R, F, and FR treatments, respectively (Table 2-4). Total rainfall for 2013 was 

1396.7 mm resulting in annual transpiration representing 38.3%, 39.2%, 42.7%, and 

39.1% of annual rainfall for the C, R, F, and FR treatments, respectively (NOAA).  

Monthly transpiration rates (EMonth) varied over time with higher transpiration rates 

occurring during the spring and summer months when LAI and VPD were high (Figure 

2-2). There was a significant interaction between month, fertilization and throughfall 

reduction (p=0.033) such that in May, when VPD was at a maximum, EMonth was 

significantly higher in the F treatment than the C (p=0.013), R (p=0.034), and FR (p = 

0.029) treatments. There was no effect of treatment on leaf level transpiration (ELeaf)
 

during this month (p = 0.401) and ELeaf averaged 0.4 mmol∙m
-2∙s-1 for May. In March and 
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April the EMonth of the F treatment was greater than the control (p = 0.042, p = 0.029), 

but not the R (p = 0.105, p = 0.063) or FR (p = 0.113, p = 0.079) treatments.  

Canopy Conductance 

The response of GC to VPD was not significantly affected the by treatments. The 

mean sensitivity of GC to VPD, as defined by the parameters δ and GCref, was 78.1 

mmol∙m-2∙s-1∙ln(kPa)–1 and 135.5 mmol∙m-2∙s-1, respectively. This response was 

consistent across all treatments. The 3-PG model uses parameters describing 

maximum GC (MaxCond, m∙s
-1) and stomatal response to VPD (CoeffCond, mbar-1). 

Estimates of MaxCond and CoeffCond were 0.006 m∙s-1 and 0.059 mbar-1, respectively. 

These parameters were not significantly affected by treatment.    

Discussion 

The over 10 million hectares of loblolly pine plantations in the southeastern U.S. 

are of great economic and ecological importance to the region (Robert P. Schultz 1997; 

Wear and Greis 2002; Smith et al. 2009). Since the 1950s, advancements in our 

understanding of the effects of various silvicultural practices, such as fertilization, on the 

growth of southern pines has drastically increased the productivity of these systems 

(Fox et al. 2007). The potential impact of climate change on the productivity of these 

forests, however, is not well understood. This study was designed to gain insight on the 

impacts of fertilization and a 30% reduction in throughfall on the growth and water 

relations of loblolly pine. This information will improve the ability of models to predict the 

impacts of climate change on these systems, and will assist land managers in making 

rational decisions in the face of a changing climate.  

In this study throughfall reduction had little effect on loblolly pine plantation water 

relations and growth on a poorly drained site in Northern Florida. Although throughfall 
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reduction decreased the volumetric water content (θ) of the upper 20 cm of soil by 0.014 

cm3H2O∙cm-3soil, there were no differences amongst treatments in the θ of the 60-84 cm 

soil region, even when measured directly under exclusion troughs. Values of predawn 

water potential (ΨP), which in theory reflect soil water potential, did not differ between 

treatments and were similar to values reported for irrigated loblolly pine stands in other 

studies (Samuelson et al. 2008; Gonzalez-Benecke and Martin 2010). The water table 

was consistently above 2 m throughout the study period and annual rainfall was similar 

to the long term average for the region (1396 mm vs 1404 mm). The rooting depth of 

loblolly pine has consistently been shown to extend below 150 cm (Van Rees and 

Comerford 1986; Torreano and Morris 1998; Albaugh et al. 2006).  It is likely the 

combined effects of abundant rainfall and tree roots’ access to a high water table limited 

responses to throughfall reduction. Others have also noted a limited response to 

drought in these systems where, in most years, the water table is rarely deeper than 

150 cm (Teskey et al. 1994; Bracho et al. 2012).     

Treatments did not affect whole-tree hydraulic conductivity (KS), although KS did 

vary over time. While we did not measure organ-level KS, the literature suggests that 

differences in KS between measurement dates may have been due to changes in root 

hydraulic conductivity which, in loblolly pine, has been shown to respond dynamically to 

changes in soil moisture (Domec et al. 2009). The mean KS across all treatments and 

measurements dates was 1.84 mol·m-2·s-1·MPa-1. For stands of a similar age and 

genotype, Gonzalez-Benecke and Martin (2010) reported values of KS ranging from 

0.84 mol·m-2·s-1·MPa-1 in the control treatment to 2.92 mol·m-2·s-1·MPa-1 in the irrigation 

treatment. Samuelson and Stokes (2006) found no interaction between weed control, 
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irrigation, and fertilization with KS in five-year old loblolly pine stands. The mean KS 

reported by Samuelson and Stokes (2006) was much higher than the value reported 

here (3.0 vs. 1.8 mol·m-2·s-1·MPa-1); however, the trees in this study were much 

younger and KS has been observed to decline with age in pines (Mencuccini and Grace 

1996). The failure of throughfall reduction to affect KS in this experiment suggests that 

soil water availability was not reduced to the extent that xylem cavitation was increased. 

This result, in addition to the lack of response of ΨP, suggests that water availability was 

not limiting in any treatment.  

Fertilization increased leaf area index (LAI) and basal area production. Increases 

in LAI are generally associated with increased productivity and a strong correlation 

between foliage biomass and stem wood production has been shown in loblolly pine 

(Teskey et al. 1987). Minimum LAI was similar across treatments prior to study 

establishment, but once treatments were applied, the LAI of fertilized plots was 

consistently higher than untreated plots with the magnitude of difference increasing 

through time. Increases in LAI in response to fertilization have been observed in loblolly 

pine plantations growing on diverse sites throughout the southeastern U.S. (Albaugh et 

al. 1998; Ewers et al. 1999; Martin and Jokela 2004).  

Fertilization increased basal area production by 0.8 m2∙ha-1∙yr-1 in 2012 and 0.6 

m2∙ha-1∙yr-1 in 2013. Although increases in basal area production in response to 

fertilization are well documented for loblolly pine, few studies have investigated this 

response in stands at intermediate ages (Martin and Jokela 2004; Fox et al. 2007; 

Jokela et al. 2010). For an eight-year old loblolly pine plantation, Albaugh et al. (1998) 

reported an increase of 0.7 m2∙ha-1∙yr-1 for plots receiving a single fertilization treatment 
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in the previous year. However, due to poor site conditions, the range of basal areas 

reported in Albaugh et al. (1998) were significantly lower than those reported here (1.8-

2.9 m2∙ha-1 vs. 25.5-34.4 m2∙ha-1). Aboveground net primary productivity (ANPP) was 

significantly increased by fertilizer application relative to the control. This was the result 

of increased foliage production and increased woody biomass increment. 

Sap flow per unit sapwood area (JS) toward the pith. On average, the 2-4 cm and 

4-6 cm depths had rates that were 87% and 63% of the 0-2 cm JS, respectively. Others 

have also observed reductions in JS with increasing depth in loblolly pine, however the 

magnitude and pattern of this reduction varies widely among studies. Phillips et al. 

(1996) reported that for twelve-year old loblolly pine the JS of the 2-4 cm sapwood 

region was 41% of the outer 0-2 cm JS. For mature loblolly pine, Ford et al. (2004) 

observed that JS was almost always greatest in the outer 2 cm of sapwood and tended 

to decrease with increasing depth. In contrast, Gonzalez-Benecke and Martin (2010) did 

not observe a consistent pattern of radial variation and often observed maximum rates 

of JS in the inner sapwood regions of loblolly pine. The reason for these varying results 

is not readily apparent. Observed reductions in JS with increasing sapwood depth are 

likely the result of many contributing factors. The KS of sapwood has been shown to 

decrease with increasing depth in conifers (Spicer and Gartner 2001; Domec et al. 

2005). This decrease in KS is likely the result of changes in xylem bordered pit 

membranes resulting in increased resistance to flow and increased permeability to air. 

Mark and Crews (1973) showed that in Pinus engelmannii and Pinus contorta xylem 

bordered pit membranes were most open in the outer sapwood and became 

increasingly blocked and encrusted with increasing sapwood depth. The pit membrane 
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of older xylem elements has also been shown to exhibit an increased permeability to air 

making them more vulnerable to cavitation (Sperry et al. 1991). The inner sapwood may 

also not be as well connected to the branches and leaves of the upper canopy, where 

transpiration rate is greatest, due to this region originally developing to supply branches 

and leaves that have since died or become shaded (Dye et al. 1991; Jiménez et al. 

2000).    

After accounting for radial variation in sap flow, daily maximum stand-level 

transpiration (EMax) did not differ among treatments and ranged from 2.6 to 3.1 mm for 

the C and F treatments, respectively. Values of EMax were within the range reported for 

loblolly pine stands of various structures, ages, and genetics (Phillips and Oren 2001; 

Samuelson et al. 2008; Gonzalez-Benecke and Martin 2010). Variation in daily stand-

level transpiration (EDay) was explained principally by total daily PPFD and, to a lesser 

extent, mean daily D and temperature. Gonzalez-Benecke and Martin (2010) reported a 

similar relationship between EDay, radiation, D, and temperature for control plots and 

also observed that the EDay of irrigated plots was explained solely by total daily radiation 

(R2 = 0.98).  

During the spring, when VPD and LAI were high, fertilization in absence of 

throughfall reduction increased monthly transpiration rate (EMonth). The EMonth of the F 

treatment was significantly higher than all other treatments in May, when D was at a 

maximum, and was also significantly greater than the C treatment during March and 

April. This observed increase in transpiration can be attributed to the higher levels of 

LAI in the F plots, as there was no difference in leaf-level transpiration (EL) during this 

time.  
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Ewers et al. (1999) also reported increased canopy transpiration (EC) in response 

to fertilization, but when EC was normalized by leaf area, plots receiving only fertilizer 

had significantly lower EL than the control; plots receiving both fertilizer and irrigation 

were not different. Samuelson and Stokes (2006) reported similar values of EL for 

stands treated with either irrigation or irrigation and fertilization. These results suggest 

that under conditions of abundant soil moisture EL is similar in fertilized and unfertilized 

stands and observed differences in EC are driven by differences in LAI. Under 

conditions of water limitation, however, fertilization tends to reduce EL (Ewers et al. 

1999; Ewers et al. 2001b). Ewers et al. (1999) hypothesized that this reduction in EL is 

the result of needles developing under conditions of relative soil drought. This relative 

soil drought was attributed to increases in LAI without corresponding increases in root 

growth and increased interception losses. In contrast, Samuelson et al. (2008) reported 

higher values of EL in response to fertilization. These dissimilar results may be due to 

differences in the soil properties of study sites and differences in stand age, structure, 

and genetics. 

Total annual transpiration (EYear) did not differ between treatments for 2013, 

despite observed differences in EMonth during the spring. Values of EYear ranged from 535 

mm in the C treatment to 596 mm in the F treatment, which corresponded to 38.3% and 

42.7% of total rainfall, respectively. For unirrigated stands of a similar age, Gonzalez-

Benecke and Martin (2010) reported an EYear of 490 mm, which represented 54.3% of 

total rainfall. Differences between these studies are likely due to differences in total 

annual rainfall (1396 mm vs 902 mm). Values of EYear as high as 930 mm have been 

reported for irrigated loblolly pine stands receiving the equivalent of 3000 mm of annual 
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rainfall (Gonzalez-Benecke and Martin 2010). Samuelson and Stokes (2006) also 

observed significant increases in canopy transpiration (EC) in response to irrigation. 

These results suggest that the annual transpiration of loblolly pine forests is closely tied 

to rainfall inputs. In contrast, Ewers et al. (1999) and Ewers et al. (2000) did not observe 

increases in EC with irrigation; however, when fertilizer and irrigation treatments were 

applied EC was significantly greater than if either treatment was applied individually. 

This suggests that under conditions of nutrient limitation additional water inputs may not 

impact EC. Fertilization, in absence of irrigation, has also been shown to increase EC 

despite reductions in EL (Ewers et al. 1999; Brent E. Ewers et al. 2001b). This effect is 

the result of increases in LAI being significant enough to increase EC despite reduction 

in EL.  

The sensitivity of stomatal conductance to D was not affected by throughfall 

reduction or fertilization. For stands of a similar age and genetics Gonzalez-Benecke 

and Martin (2010) reported similar values of GCref and δ. Others have reported a wide 

range of values of GCref and δ in loblolly pine (Table 2-5). The difference in values 

reported by these studies is likely due to differences in stand genetics and site 

conditions. The genetics of loblolly pine has been shown to affect GCref and δ 

(Gonzalez-Benecke and Martin 2010; Aspinwall et al. 2011). In Gonzalez-Benecke and 

Martin (2010) irrigation was found to increase GCref and δ in a South Carolina seed 

source while a Florida seed source was unaffected. This suggests that loblolly pine 

originating from Florida was less conservative in regulating water loss in response to 

changes in soil moisture. The lack of response of the northern Florida source may have 
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resulted from adaptions to abundant water supply due to a high water table and high 

annual precipitation.  

In loblolly pine, drastic reductions in GCref have been reported in response to 

fertilizer additions (Ewers et al. 2000; Brent E. Ewers et al. 2001b). This reduction in 

GCref was likely due to the same factors as those hypothesized to reduce EL (Ewers et 

al. 1999). Although a dramatic reduction in GCref was observed in response to 

fertilization in Ewers et al. (2001), when both irrigation and fertilizer treatments were 

applied, GCref was found to be greater than the control or irrigation treatments alone. 

Samuelson et al. (2008) also observed an increase in GCref with fertilization during a 

growing season having above average rainfall. The results of these studies suggest that 

the interaction between genetics, soil nutrition, and soil water availability play an 

important role in the response of stomatal conductance to changes in D.        

The parameters describing the sensitivity of stomatal conductance to changes in 

D used in the 3-PG model (MaxCond and CoeffCond) (Bryars et al. 2013) were 

unaffected by either fertilizer or throughfall reduction. The value of MaxCond observed 

in this study (0.006 m∙s-1) was identical to the number reported for the parameterization 

of 3-PG for loblolly pine (Bryars et al. 2013). The value of CoeffCond measured in this 

study (0.059 mbar-1), however, was more than twice the reported value (0.025 mbar-1) 

(Bryars et al. 2013). To generalize the response of GC to D, for the purposes of 

parameterizing 3-PG and other models, we fit a regression line through values of GC 

calculated for a range of D using published values of GCref and δ for loblolly pine (Table 

2-5). The function produced an estimate of CoeffCond of 0.051 mbar-1 and a MaxCond 

of 0.005 m∙s-1 (Figure 2-5). The 95% confidence interval for these variables ranged from 
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0.045 mbar-1 to 0.063 mbar-1 for CoeffCond and from 0.005 m∙s-1 to 0.006 m∙s-1 for 

MaxCond. This analysis, along with the results from this study, suggest that the average 

sensitivity of stomatal conductance to changes in D is approximately twice as great as 

currently reflected in the published 3-PG parameters for loblolly pine (Bryars et al. 

2013). This may have important consequences as the model is sensitive to this term 

when estimating carbon gain.    

In this study a 30% reduction in throughfall did not significantly affect the growth 

or water use of a loblolly pine plantation on a poorly drained site in the lower Coastal 

Plain. Although throughfall reduction decreased θ20, water use was not affected at the 

canopy or leaf-level. This lack of responses was likely attributed to the ability of trees to 

meet soil moisture requirements by accessing the water table. A lack of stomatal 

regulation with changes in soil moisture has been observed in loblolly pine genotypes 

originating from Florida (Gonzalez-Benecke and Martin 2010). This lack of response 

may be due to these genotypes evolving with regular access to the water table which, in 

most years, is rarely deeper than 150 cm. If future reductions in precipitation are severe 

enough to lower the water table, genotypes from Florida may be ill-adapted to sites 

where they once thrived. Under such a scenario, the application of fertilizer to these 

forests could exacerbate drought dress by increasing LAI and EC. Although the results 

of this study can not directly address these issues, the information gained from the 

PINEMAP tier III sites over the coming years will provide additional insight on the 

potential impacts of climate change on loblolly pine productivity and water relations. 
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Table 2-1. Mean pre-treatment basal area of plots within each block during the winter of 

2011-2012 with associated standard errors. 

Block Basal Area (m2∙ha-1) Standard Error 

1 20 0.48 

2 21 0.46 

3 22 0.54 

4 26 0.52 

 
 
Table 2-2. Minimum, maximum, and mean DBH of sap flow measurement trees during 

the winter of 2012-2013 for the control (C), throughfall reduction (R), 
fertilization (F), and throughfall reduction and fertilization (FR) treatments. 

              DBH (cm) 

Treatment  Minimum Maximum Mean 

C  10 19.1 14.9 

R  8.6 19.5 15.0 

F  9.6 19.3 14.8 

FR  9 19.6 15.3 

 
 
Table 2-3. Mean aboveground net primary productivity (ANPP), basal area growth, 

projected leaf area index (LAI), and litterfall for control (C), throughfall 
reduction (R), fertilization (F), and throughfall reduction and fertilization (FR) 
treatments with associated p values. Values for LAI represent monthly 
minimums and maximums within a given year. For the LAI time series data, 
there were no treatment by month interactions. 

    Treatment     P Value 

  C R F FR   F R F*R 

ANPP 2013 
(Mg∙ha-1∙yr-1) 

26.5 28.1 32.3 30.2 
 

< 0.001 0.736 0.049 

Basal Area Growth 2012 
(m2∙ha-1∙yr-1) 

4.2 4.0 5.0 4.7 
 

0.007 0.230 0.789 

Basal Area Growth 2013 
(m2∙ha-1∙yr-1) 

3.4 3.5 4.3 3.9 
 

0.033 0.576 0.314 

LAI 2012 
(Projected) 

2.0-3.4 1.9-3.3 1.9-3.6 1.9-3.7 
 

0.037 0.938 0.308 

LAI 2013 
(Projected) 

2.3-3.7 2.3-3.8 2.7-4.2 2.7-4.3 
 

< 0.001 0.294 0.840 

Litterfall  2013 
(Mg∙ha-1∙yr-1)  

5.5 5.6 6.4 6.6   < 0.001 0.383 0.536 
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Table 2-4. Water use and stomatal sensitivity to vapor pressure deficit reported as 

mean annual transpiration (EYear), maximum daily transpiration (EMax), 
sensitivity of stomatal conductance to vapor pressure deficit (-δ), stomatal 
conductance at vapor pressure deficit = 1 kPa (GCref), 3-PG parameter 
defining maximum stomatal conductance (MaxCond), and 3-PG parameter 
defining stomatal sensitivity to vapor pressure deficit (CoeffCond) for control 
(C), throughfall reduction (R), fertilization (F), and throughfall reduction and 
fertilization (FR) treatments with associated p values.     

    Treatment      P value 

  C R F FR   F R F*R 

EYear 
(mm∙yr-1) 

535 547 596 546 
 

0.349 0.545 0.334 

EMax 
(mm∙day-1) 

2.60 2.70 3.08 2.76 
 

0.125 0.517 0.229 

-δ   
(mmol∙m-2∙s-1∙ln(kPa)–1)  

81.05 79.32 77.08 75.07 
 

0.504 0.709 0.888 

GCref 
(mmol∙m-2∙s-1) 

138.14 139.28 136.67 127.70 
 

0.521 0.684 0.610 

MaxCond 
(m∙s-1) 

0.0064 0.0062 0.0060 0.0057 
 

0.204 0.593 0.944 

CoeffCond 
(mbar-1) 

0.060 0.057 0.056 0.063   0.878 0.549 0.137 
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Table 2-5. Reported values of stomatal conductance at vapor pressure deficit = 1 kPa 
(GCref, mmol∙m

-2∙s-1) and stomatal conductance sensitivity to vapor pressure 
deficit (-δ, mmol∙m-2∙s-1∙ln(kPa)–1) for loblolly pine stands under a variety of 
treatments in the southeastern U.S. 

Treatment Gcref m Source 

Irrigation x Fertilization 177.0 75.0 Ewers et al. 2000 

South Carolina Seed Source: Irrigation 148.6 83.8 Gonzalez-Benecke and Martin 2010 

Florida Seed Source: Control 136.6 82.7 Gonzalez-Benecke and Martin 2010 

Florida Seed Source: Irrigation 136.0 79.7 Gonzalez-Benecke and Martin 2010 

Irrigation 124.8 77.9 Samuelson et al. 2008 

Control 123.0 94.0 Ewers et al. 2000 

Genetics: Half-sib 120.6 51.5 Aspinwall et al. 2011 

Genetics: Full-sib 118.8 51.8 Aspinwall et al. 2011 

Irrigation 117.0 94.0 Ewers et al. 2000 

South Carolina Seed Source: Control 111.6 66.6 Gonzalez-Benecke and Martin 2010 

Irrigation x Fertilization 111.1 69.6 Samuelson et al. 2008 

Genetics: Clone 106.4 48.2 Aspinwall et al. 2011 

Fertilization 101.0 65.6 Samuelson et al. 2008 

Control 87.2 57.3 Samuelson et al. 2008 

Sandhill Site: Control 85.0 46.0 Domec et al. 2012 

Coastal Site: Control 62.0 33.0 Domec et al. 2012 

Piedmont Site: Control 55.0 36.0 Domec et al. 2012 

Fertilization 52.0 41.0 Ewers et al. 2000 

Piedmont Site: Fertilization 45.0 26.0 Domec et al. 2012 

Piedmont Site: Fertilization and Elevated CO2 43.0 25.0 Domec et al. 2012 

Sandhill Site: Fertilization 39.0 20.0 Domec et al. 2012 
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Figure 2-1 Example of a throughfall exclusion structure 
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Figure 2-2 Time series of water relations parameters, leaf area index, and 

meteorological data. A) Total monthly transpiration rate by treatment, B) 
Mean monthly stomatal conductance by treatment, D) Mean monthly LAI by 
treatment, D) Total Monthly Photosynthetic Photon Flux Density (PPFD) and 
mean daylight hour vapor pressure deficit (D), and E) Total monthly 
precipitation for 2013. Treatments include control (C), throughfall reduction 
(R), fertilization (F), and throughfall reduction and fertilization (FR).  
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Figure 2-3 Mean whole-tree hydraulic conductivity (KS) for each measurement date from 

October 2012 (Month = 10) to November 2013 (Month = 9) for control (C), 
throughfall reduction (R), fertilization (F), and throughfall reduction and 
fertilization (FR) treatments.  

 
 

 

 
Figure 2-4 Sap flow rates at 2-4 cm and 4-6 cm depths expressed as a percentage of 

sap flow at 0-2 cm depth for control (C), throughfall reduction (R), fertilization 
(F), and throughfall reduction and fertilization (FR) treatments.  Percentage 
values shown above each bar; values followed by the same letter are not 
significantly different (p = 0.05).  
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Figure 2-5 Values of stomatal conductance calculated at vapor pressure deficits of 2, 5, 

10, 20, 30, and 40 mbar using a range of published values of stomatal 
conductance at vapor pressure deficit = 1 kPa (GCref) and sensitivity of 
stomatal conductance to vapor pressure deficit (-δ) with associated 
exponential regression function. The reported values of GCref and -δ used to 
produce this graph are provided in Table 2-5.  
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CHAPTER 3 
CONCLUSIONS AND FUTURE RESEARCH NEEDS 

This study investigated the water relations and productivity of a ten-year-old 

loblolly pine plantation on a somewhat poorly drained site in northern Florida. A factorial 

combination of throughfall reduction and fertilization treatments was applied in the 

spring of 2012 to investigate the impact of nutrient availability and soil moisture on 

loblolly pine function. Throughfall reduction did not impact on any of the measured 

variables. This lack of response was likely due to abundant rainfall during the study 

period as well as the ability of trees to access the shallow water table at the study site. 

Fertilizer application significantly increased basal area production and leaf area index 

(LAI). This response has been observed by many others and is considered to be typical 

(Albaugh et al. 1998; Ewers et al. 1999; Martin and Jokela 2004; Fox et al. 2007; Jokela 

et al. 2010). During the spring, when vapor pressure deficit (D) was high, the greater 

level of LAI in the fertilizer only treatment resulted in monthly transpiration rate being 

17% higher than the control. These results suggest a reduction in precipitation may not 

affect the growth or water use of loblolly pine on poorly drained sites in the lower 

Coastal Plain; however, fertilizer application will likely affect these variables, especially 

under conditions of high D.  

The sensitivity of stomatal conductance (GC) to changes in D was found to be 

twice as great as currently reflected in the parameterization of the Physiological 

Principles in Predicting Growth Model (3-PG) for loblolly pine (Bryars et al. 2013). A 

review of published values for loblolly pine sensitivity of GC to D also suggested that the 

current parameterization of 3-PG does not accurately reflect this relationship. This may 

have important consequences as the model is sensitive to this relationship when 
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calculating canopy quantum efficiency, and in turn carbon gain. These results suggest 

that future efforts are required for the parameterization of 3-PG for loblolly pine.   

This study was conducted on one of the four throughfall by fertilization treatments 

that constitute the Tier III monitoring network of the Pine Integrated Network: Education, 

Mitigation, and Adaptation project (PINEMAP). The other throughfall by fertilization 

studies are located in Georgia, Oklahoma, and Virginia. These study sites vary in 

genetics, stand age, climatic conditions, and soil properties. PINEMAP will soon be 

conducting an analysis on how loblolly pine at these various sites respond to changes in 

nutrient availability and soil moisture. This analysis will provide a much more detailed 

review of how loblolly pine across the southeastern U.S. will responded to potential 

changes in climate. The sensitivity of GC to changes in D of loblolly pine growing in 

these various regions will be of particular interest given current issues with the 

parameterization of this relationship in 3-PG. The PINEMAP tier III monitoring network 

will continue to take measurements until 2016. The response of loblolly pine to various 

levels of annual rainfall throughout this period will shed light on the influence of rainfall 

inputs to stand water use. This will be of particular interest at the site in Florida where 

annual rainfall has ranged from 896 mm to 2076 mm over the past thirty years (NOAA). 

Information on the impact of loblolly pine plantation management practices on 

transpiration rates is important due to predicted water supply stress in the Southeast 

(Sun et al. 2013). Projected increases in the amount of water used for irrigation and 

energy production in combination with increased evapotranspiration rates (ET) will 

importantly affect water supply. The increase in temperature associated with climate 

change will likely not only increase ET but also D. Under conditions of increased D, the 
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use of fertilizer could further increase the ET of loblolly pine plantations and therefore 

reduce watershed yield. In light of this, the role of loblolly pine forests in regulating 

watershed yield could become an important management concern; however, few 

studies have investigated how various silviculture practices, such as fertilizer 

application, impact the ET of loblolly pine forests. Information on the impact of changes 

in both forest area and forest management intensity on watershed yield would also be 

useful in addressing future potential water supply stress.    

Whole-tree hydraulic conductivity (KS) was not impacted by throughfall reduction 

of fertilizer application, but did vary significantly through time. Although reductions in the 

KS of loblolly pine have been attributed to dynamic changes in the conductivity of roots 

in response to changes in soil moisture, this study can not address the cause of 

observed changes in KS (Domec et al. 2009). As measurements continue to be taken at 

the PINEMAP throughfall by fertilization studies, it would be useful to have estimates of 

the conductivity of roots, stems, and branches in order to investigate the source of 

changes in KS.      

This study presented the results from the first year of measurements at the 

Florida PINEMAP Tier III site. This information will be used in a regional analysis on the 

impact of nutrient availability and soil moisture on loblolly pine function. The results of 

this study will also serve a baseline for future measurements at this study site.  
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