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ABSTRACT 

 

Bottomland hardwood forests (BHFs) along the Gulf coast of Texas have been 

experiencing a combination of disturbances in the form of hydroclimate changes and 

excessive anthropogenic nitrogen (N) deposition, both of which are connected through 

linkages between the regional hydrologic and N cycles. BHFs, which are dependent on 

optimally wet conditions, have received little attention amid rapidly changing climate and 

pollution scenarios, which are expected to become more irregular over the 21st century. 

This dissertation aimed to understand the integrated effects of these disturbances on BHFs 

by: 1) examining signals of physiological stress in response to climatic conditions in the 

past; 2) assessing tree water-use in flooded and non-flooded native as well as invasive 

species as a result of seasonal environmental changes; 3) investigating if persistent 

elevated deposition from pollution sources has led to N saturation and affected primary 

productivity, N transformations in the soil and accelerated N loss from these forests; and 

4) determining the relative control of hydroclimate and N inputs on ecosystem 

productivity. A range of techniques such as dendrochronology, sap flow, atmospheric 

deposition monitoring, plant and soil isotopic analyses and biogeochemical modelling 

were used to address each objective. 

Vegetation in the drier portions of the study area experienced growth inhibition 

and showed signals of stress during drought periods, and was more sensitive to wetter 

hydroclimatic conditions. Although trees growing in the wetter patches had suppressed 

water-use during early-growing season flooding, their recovery indicated resistance to 



 

iii 

 

flooding stress. They were less sensitive to drier hydroclimate and were able to sustain 

their water-use during summer conditions. The younger and smaller invasive Chinese 

tallows had only slightly lower water-use than the mature native oaks, suggesting their 

potential to compete with the oaks for soil water on approaching maturity in the near 

future. Interestingly, despite exposure to excessive N deposition for decades, these forests 

did not show signs of N saturation as tree growth and N absorption continued to increase 

even at high deposition levels. However, despite excessive N inputs, signs of N loss were 

negligible, soil N concentrations were low and vegetation continued to absorb mineralized 

N, indicating rapid N retention and cycling through plants and soils.  

Persistence of these bottomland hardwood forests is contingent upon frequent 

flooding, optimum wetting and maintenance of hydrologic connectivity over a large 

spatial extent within this patchy landscape. The drying of these wetland forests, which is 

already underway, induces stressful conditions and reduces productivity, while rendering 

the vegetation to be more sensitive to precipitation inputs. As strong sinks of 

anthropogenic N, these forests need to be conserved as sinks and filters for air and water 

pollutants. This dissertation provides vital baseline ecological, hydrological and 

biogeochemical information about this ecosystem that can aid cohesive conservation 

action and inform pollutant emission standards by integrating knowledge of distinct 

processes within the water, carbon and nitrogen cycles, that are strongly interconnected 

but usually studied and applied disjointedly. 
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CHAPTER I  

INTRODUCTION  

 

Bottomland hardwood forests (BHFs) are a type of deciduous wetland forest that 

occur in major floodplains and river deltas in the southeastern and south-central United 

States. Like most other forested wetlands, BHFs are flooded or saturated intermittently 

and often seasonally (Ober, 2019). The frequency, timing, spatial extent and flooding 

depth in these forests determine the plant community composition and productivity, which 

ultimately drive the regional hydrologic and biogeochemical cycles (Simmons et al., 

2007). Vegetation in bottomland hardwood forests is tolerant of intermittent and moderate 

flooding or saturated conditions (McKnight et al., 1980; Gardiner, 2001; King and Keim, 

2019), making them effective sinks of floodwaters post storm events, especially in exurban 

locations, where they can reduce urban flooding risk (Simmons et al., 2007). These forests 

also provide other benefits such as recharging groundwater table, sequestering large 

amounts of carbon, retaining excess nutrients and pollutants and providing habitat for 

wildlife (Jenkins et al., 2010; Capon et al., 2013). However, the threats to these wetland 

forests are increasing at an alarming rate due to agricultural conversion, removal and 

conversion for timber production, construction of dams and river regulation, urban 

expansion and air and water pollution from various point and non-point sources (Tockner 

and Stanford, 2002; Naiman et al., 2005). Moreover, in addition to these disturbances, 

changing climatic conditions with increasing temperatures, varying precipitation patterns 

and increasingly frequent and severe drought and flood events have reduced the 



 

2 

 

distribution of bottomland hardwood forests in the southern US to only about 40% of their 

121,000 km2 expanse in the 1800s (USEPA, 2016).  

In Texas, bottomland hardwood forests occur along the Gulf of Mexico coastline 

where major rivers like the Colorado, Brazos, Sabine, Neches, Trinity and smaller rivers 

like San Bernard and San Jacinto form their drainage basins. Bottomland hardwood forests 

in the Brazos-Colorado basin are known as Columbia bottomlands, which are partially 

protected and conserved within the San Bernard National Wildlife Refuge. Columbia 

bottomlands not only face the threats as other BHFs, but are also threatened by urban 

expansion from the city of Houston, pollution sources such as petroleum refineries located 

along the Gulf coast and frequent hurricane landfalls. As a result, the >2800 km2 pre-

settlement distribution of these forested wetlands has been reduced by over 70% to less 

than 810 km2 (USFWS, 1997; Barrow and Renne, 2001; Barrow et al., 2005). Over the 

next century, Columbia BHFs are expected to experience even more unfavorable 

hydroclimatic conditions as temperatures are predicted to rise and precipitation patterns 

become more variable (Jiang and Yang, 2012; Awal et al., 2016). Columbia BHFs occur 

at the extreme southwestern edge of the bottomland hardwood forest type (Bray, 1906; 

Putnam et al., 1960). Edges of distribution ranges usually experience environmental 

conditions that are less favorable to the species as compared to the range interior (Rehm 

et al., 2015), which makes them more resilient and better adapted to survive in stressful 

conditions relative to core populations (Gutschick and Hormoz, 2003). In addition to the 

natural and human-induced threats, the biogeographic location of the Columbia BHFs 

makes them even more ecologically critical. 
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Rapidly transitioning hydroclimatic conditions can alter the hydrology of forest 

ecosystems and affect productivity (Boisvenue and Running, 2006). Vegetation in BHFs 

such as hardwood species and bottomland oaks are often tolerant of intermittent flooding 

but may not sustain prolonged waterlogging (McKnight et al., 1980; Gardiner, 2001; King 

and Keim, 2019). Additionally, their general adaptation to wetter soils renders them less 

tolerant to drought conditions (Silvertown et al., 1999; Sorrell et al., 2000). As a result, 

BHFs are sensitive to extreme hydroclimatic conditions. To understand how vegetation 

responds to a range of climatic and hydrologic conditions and to predict their future 

response, it is critical to investigate the retrospective response of forest growth and 

functioning to past environmental conditions. 

Dendrochronology, the study of tree-rings, offers an effective way to understand 

these past responses. Narrower tree-rings correspond to lower productivity during a 

specific growing season in response to stressful environmental conditions, usually 

droughts but also other stressors such as waterlogged soils as commonly found in wetlands 

(Fang et al., 2011; Au and Tardif, 2012; Wang et al., 2017; Gao et al., 2018; Mikac et al., 

2018; Szejner et al., 2020). On the other hand, wider tree-rings correspond to optimal 

growth in response to favorable growing conditions. By precisely dating tree-rings using 

dendrochronological techniques and removing the age-related growth signal by using 

detrending methods, the response of forest productivity to a range of climatic conditions 

can be assessed (Speer, 2012). These relationships can also be extrapolated to future 

climatic conditions projected by climate models and the future state of forest ecosystems 

can be projected (Williams et al., 2010).  
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Tree-rings not only provide information on past growth trends, but stable isotopic 

analyses of tree-ring wood can help reconstruct historic trends of ecophysiological 

responses to environmental conditions and provide insights on historic nutrient, 

biogeochemical and hydrologic cycling rates (McCarroll and Loader, 2004). Stable carbon 

isotopic composition (δ13C) of tree-rings is an effective indicator of the ecophysiological 

response of vegetation to environmental conditions primarily driven by climate (Farquhar 

et al., 1989; Robertson et al., 1997; Leavitt et al., 2002; McCarroll and Loader, 2004; 

Gessler et al., 2014). Under favorable growing conditions such as sufficient soil moisture 

availability and moderate vapor pressure deficit (VPD), stomatal conductance and leaf 

internal pCO2 are relatively high, which maximizes isotopic discrimination against 13CO2 

by the primary carbon fixing enzyme RUBISCO. As a result, relatively more 12CO2 is 

fixed by the plant during photosynthesis, yielding lower δ13C values in plant tissues. Under 

stressful environmental conditions such as water limitation, plants reduce stomatal 

aperture to minimize water loss, the internal leaf pCO2 concentration declines, 

discrimination against 13CO2 by the RUBISCO enzyme declines, and δ13C values in plant 

tissues increases (Farquhar et al., 1982; Farquhar and Sharkey, 1982; Farquhar et al., 1989; 

Ehleringer et al., 1993; Gessler et al., 2009; Gessler et al., 2014). Thus, plant tissues 

synthesized during stressful environmental conditions have higher δ13C values. Narrower 

tree-rings and higher tree-ring δ13C values are usually observed in response to moisture 

deficit conditions across most ecosystems (Liu et al., 2008; Au and Tardif, 2012; 

Timofeeva et al., 2017). However, in excessively wet ecosystems such as wetland forests, 

higher δ13C values as result of stomatal closure in response to waterlogging have also been 
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observed (Stuiver et al., 1984; Anderson et al., 2005; Buhay et al., 2008; Voelker et al., 

2014). Although debatable, a number of possible mechanisms have been suggested with 

significant evidence to support this relationship. These include disruption of water and 

nutrient uptake due to anoxic conditions in the root zone (Jackson and Drew, 1984), 

lowered root hydraulic conductivity (Davies and Flore, 1986), increased abscisic acid 

concentrations (Kozlowski and Pallardy, 1984) and accumulation of metabolic toxins 

from flooding (Jackson and Drew, 1984). 

Total terrestrial evapotranspiration (66,000-69,000 km3 water year-1) is among the 

largest fluxes in the global water cycle (Oki and Kanae, 2006; Abbott et al., 2019), and 

approximately 80-90% of this flux is derived from plant transpiration (Jasechko et al., 

2013). As the climate changes, there is potential for transpiration to be greatly altered as 

plant water use gets accelerated or suppressed in response to changes in atmospheric and 

soil moisture (Kirschbaum and McMillan, 2018). However, plant water-use in wetter 

ecosystems such as BHFs is rarely investigated and the knowledge of wetland tree 

response to hydrologic conditions with respect to water-use remains sparse. In wetland 

forests, the spatial variability in edaphic conditions is becoming increasingly contrasting 

due to forest removal, agricultural diversions, construction of dams, etc., causing some 

forest patches to remain unusually waterlogged for prolonged periods, while rendering 

some patches to be moisture deficient (Bruland and Richardson, 2005). As wetland plants 

are adapted to grow in moderately wetter soil conditions, anomalously dry or flooded 

conditions can perturb water-use and productivity.  
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Moreover, changing community composition and structure and proliferation of 

invasive species as a result of anthropogenic and natural disturbance also alters 

transpiration rates at a regional scale (Ewers et al., 2005; Cavaleri and Sack, 2010; 

Harrison et al., 2020). In Columbia bottomlands, rapid invasion by the Chinese tallow 

(Triadica sebifera (L.) Small) is an added concern. Invasive species are known to 

aggressively compete against native vegetation for water and deplete groundwater 

reserves (Cavaleri and Sack, 2010). Tallows are known to achieve remarkable flood 

tolerance at a very young age, which is comparable to or even more than some wetland 

tree species (Jones and Sharitz, 1990; Gabler and Siemann, 2013); however, its direct 

effect on the ecosystem water budget through transpiration is yet to be determined. 

Therefore, it is critical to measure tree water-use in native as well as invasive species 

growing under contrasting soil moisture conditions in such understudied, threatened 

ecosystems to aid conservation and management decisions. Sap flow measurements have 

been effectively used as a direct indicator of plant water stress across ecosystems, 

including wetlands. This technique not only provides a real-time estimate of variation in 

tree water-use, but also provides insights on the type, magnitude and timing of water-use 

response to corresponding climatic and environmental conditions. Sap flow measurements 

can be coupled with forest biometric measurements and scaled up to obtain stand 

transpiration estimates.  

Apart from changing hydrologic conditions due to natural and anthropogenic 

pressures, BHFs along the Gulf coast of Texas are threatened by pollution impacts 

(USFWS, 1997; Barrow et al., 2005). Several small and major petroleum refineries are 
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located in the upwind direction of these forests, that not only emit sulphur dioxide, 

nitrogen oxide, carbon dioxide, carbon monoxide, methane, etc., but are also capable of 

depositing large amounts reactive nitrogen (Nr) and sulphur (S) in soluble as well as 

particulate forms on proximal ecosystems. Deposition of Nr increases plant productivity, 

soil microbial activity and overall nutrient cycling under initial low N availability 

conditions (Aber et al., 1989; 1998). However, elevated levels of deposition can have 

damaging effects on ecosystem functioning by causing biogeochemical imbalance in 

plants and soils and alter community structure by aiding species that prefer high-N 

environments (Aber et al., 1989; Stevens et al., 2004; De Vries et al., 2006). Other negative 

impacts of N deposition on forest ecosystems include decline in productivity (Aber et al., 

1998; Bai et al., 2010), deceleration of mineralization and nitrification rates (Lovett and 

Rueth, 1999; Carreiro et al., 2000; Frey et al., 2004), increased leaching (Fang et al., 2009; 

Gundersen et al., 2011) , gaseous N loss through denitrification (Gundersen et al., 1998; 

van Groenigen et al., 2015), soil acidification (Wallace et al., 2007) and tree mortality in 

extreme situations (Aber et al., 1998; Magill et al., 2000; Lovett and Goodale, 2011). 

To investigate the effects of N deposition on forest ecosystems, estimating N 

fluxes and pools is critical. However, as N gets stored and processed within the ecosystem 

in several different forms simultaneously, measuring absolute N fluxes and pools is a 

complex process (Amundson et al., 2003; Craine et al., 2009). Estimation of the isotopic 

composition of N in soils and plant tissues provides an effective alternative to this issue. 

Isotopic analysis also helps identify the source of N by distinguishing between 

anthropogenic and natural N incorporated by the ecosystem. The heavier stable isotope, 
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15N, which makes up less than 0.4% of naturally occurring N, is usually discriminated 

against when N gets transformed from one form to another. Isotopically lighter N is more 

readily fixed and mineralized by microbes, absorbed by plants, dissolved in water and is 

easily lost in the form of leaching and gaseous emissions (Chapin et al., 2012). Therefore, 

the ratio of 15N/14N (denoted as δ15N with respect to atmospheric N2), which indicates 

isotopic fractionation of N in soil profiles and plant tissues indicates the rate at which N 

is retained, cycled and lost from the system (Högberg, 1997). Comparing δ15N values and 

N concentration in soil profiles and plant tissues such as wood (tree-rings), leaves, roots 

and litter can facilitate our understanding of N transformation through an ecosystem. Tree-

ring δ15N values are effective indicators of historic N cycling rates and can be compared 

to past growth rates and climatic conditions (Gerhart and McLauchlan, 2014). The 

difference between soil and plant δ15N can be used to assess the degree of isotopic 

fractionation of N and identify major fractionation pathways in soils, roots, aboveground 

plant parts and at the soil-water-plant interface (Högberg, 1997; Martinelli et al., 1999; 

Amundson et al., 2003) such as during plant N uptake aided by mycorrhizal fungi (Craine 

et al., 2009; Hobbie and Högberg, 2012), gaseous N loss during denitrification (Houlton 

et al., 2006), conversion of NH4
+ to NO3

- through nitrification (Högberg, 1997; Spoelstra 

et al., 2007), N fixation (Sra et al., 2004), preferential plant uptake of NH4
+ (Yoneyama et 

al., 1991; Pennock et al., 1996; Yoneyama et al., 2001), transportation of absorbed N 

between plant tissues (Pardo et al., 2013), etc.  

Measurement of plant and soil δ15N values can provide insights regarding 

ecosystem and landscape-scale N dynamics. However, there is a critical need and lack of 
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knowledge on ecosystem- and landscape-scale understanding of plant and soil responses 

to elevated N deposition and their future projections. Biogeochemical models aided by 

accurate field measurements as input parameters provide a more holistic understanding of 

forest ecosystem functioning in response to elevated N deposition and the underlying 

mechanisms. A number of modeling studies have been conducted across different 

ecosystems to simulate forest productivity, plant physiological processes and soil nutrient 

dynamics under different N pollution or climate change scenarios (Hole and Engardt, 

2008; Gaudio et al., 2015; Dirnböck et al., 2017; Tharammal et al., 2019; Van Houtven et 

al., 2019). However, one of the major shortcomings observed after reviewing these studies 

is the lack of investigation of integrated effects of N pollution and changes in precipitation 

patterns on ecosystems. A number of biogeochemical models have been developed over 

the last three decades to simulate ecosystem productivity, gas exchange, hydrologic fluxes, 

nutrient dynamics, C and N cycling, etc. under given climatic and deposition conditions. 

Some of the widely used models are Biome-BGC (Thornton et al., 2002), the PnET family 

(Aber and Federer, 1992), DNDC models (Li et al., 1992), NCAR CSEM (Gent et al., 

2011), ForSAFE (Wallman et al., 2005), etc. Over the years, these models have been 

calibrated and parameterized for specific ecosystems and geographical locations.  

The Forest-DNDC model is particularly applicable to wetland forests with N 

deposition and hydroclimate as primary drivers (Li et al., 2005). Forest-DNDC was 

created by integrating the PnET-N-DNDC model (improves estimates of aboveground 

processes) (Li et al., 2000; Stange et al., 2000) with Wetland-DNDC (improves soil 

biogeochemical and hydrological estimates) (Zhang et al., 2002), which enables the model 
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to switch between upland and wetland modes. The model has been validated with field 

measurements and applied across a variety of ecosystems across the globe such as cypress 

swamps, slash pine, spruce forests (Kurbatova et al., 2008), broad-leaf pine (Shu et al., 

2019), fir (Lu et al., 2008), Eucalyptus plantation (Miehle et al., 2006), wetland forests 

(Cui et al., 2005), boreal forests (Kim et al., 2014; Kim et al., 2016), subtropical forests 

(Wang et al., 2011b), tropical dry forests (Dai et al., 2014), etc. with great efficiency. 

This Columbia bottomlands present a unique opportunity to study the impacts of a 

changing hydroclimate and elevated N deposition on remnant bottomland hardwood 

forests that are rapidly declining owing to a variety of threats. This dissertation aims to 

understand the integrated effects of increasingly erratic climatic conditions along with 

excessive reactive N inputs on plant-soil-water relationships, plant physiological 

responses and primary productivity. A wide range of field-based and modelling techniques 

such as dendrochronology, plant and soil stable isotopic analyses, sap flow measurements, 

atmospheric deposition monitoring and biogeochemical modelling have been used in this 

dissertation. 

 The dissertation comprises of four chapters addressing overarching goals and 

specific objectives as follows: 

1. Examine how BHFs respond to hydroclimatic variation in terms of growth and 

physiological stress using tree-ring widths and δ13C values. 

Objectives: 

• understand the impact of hydroclimatic variation on growth rates using tree-ring 

width analysis.  
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• assess the magnitude of physiological stress inflicted by extreme hydroclimatic 

conditions using tree-ring δ13C measurements.  

• evaluate the relationship between physiological stress and growth inhibition. 

2. Understand bottomland oak and invasive Chinese tallow tree water-use strategies 

under intermittently flooded and relatively drier growing conditions. 

Objectives: 

• estimate the relative difference in seasonal tree water-use under flooded and non-

flooded conditions using sap flow measurements. 

• investigate if the invasive Chinese tallow has a different water-use strategy in 

response to varying environmental conditions as compared to native species. 

3. Examine the effect of elevated N deposition on N cycling within the ecosystem using 

plant and soil δ15N measurements. 

Objectives:  

• estimate the amount of atmospheric wet N deposition at three sites at increasing 

distances from a point source (petroleum refinery) and assess the chemical and 

isotopic composition of deposited N. 

• investigate the historic trend of N cycling in the forest under the effect of eight 

decades of anthropogenic N deposition using tree-ring δ15N and N concentration 

chronologies. 

• understand the underlying processes by which N is fractionated through this 

ecosystem by comparing deposition, wood, leaf, litter and soil δ15N. 
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4. Model the integrated effects of anthropogenic N deposition and hydroclimatic change 

on forest productivity and investigate the potential for N saturation. 

Objectives: 

• validate the Forest-DNDC model for this ecosystem by comparing a set of 

modeled above- and belowground parameters to field measurements. 

• model and determine the major controls over forest productivity and 

heterotrophic respiration under different deposition and precipitation scenarios.  

• simulate soil N transformations to understand how precipitation and N 

deposition affect soil N cycling with its resultant impact on forest productivity. 
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CHAPTER II  

BOTTOMLAND HARDWOOD FOREST GROWTH AND STRESS RESPONSE TO 

HYDROCLIMATIC VARIATION: EVIDENCE FROM DENDROCHRONOLOGY 

AND TREE-RING Δ13C VALUES* 

 

Synopsis 

Wetland forests around the world have been reduced to a small proportion of their 

original expanse due to changing climatic conditions and intensification of human land 

use activities. As a case in point, the Columbia bottomland hardwood forests along the 

Brazos-Colorado Coastal Basin on the Gulf coast of Texas are currently threatened by an 

increasingly erratic hydroclimate in the form of both extreme floods as well as droughts, 

and by urban expansion. In this study, we use dendrochronology and tree-ring carbon 

isotopes to understand the effect of changing hydroclimatic conditions on the functional 

attributes of these forests. We examined tree-rings of Quercus nigra at four sites within 

the Columbia bottomlands, of which one site experiences frequent and prolonged 

flooding, while the other three are less flood-prone. The objectives of this study were to: 

(i) understand the impact of hydroclimatic variation on radial growth using tree-ring width 

analysis, (ii) assess the magnitude of physiological stress inflicted by extreme 

 

* Reprinted with permission from “Bottomland hardwood forest growth and stress 

response to hydroclimatic variation: Evidence from dendrochronology and tree-ring 

Δ13C values” Ajinkya G. Deshpande, Thomas W. Boutton, Ayumi Hyodo, Charles W. 

Lafon and Georgianne W. Moore, 2020. Biogeosciences, Accepted article. Copyright © 

2020 The Authors. 
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hydroclimatic conditions using tree-ring Δ13C measurements as a proxy, and (iii) evaluate 

the relationship between tree-ring width and Δ13C values. Radial growth across the 

landscape was influenced most strongly by mid-growing season climate, while early-

growing season climate had the strongest effect on Δ13C. Growth inhibition was minimal 

and tree-ring Δ13C values were not affected in trees at the wetter site under extreme 

hydrological conditions such as droughts or floods. In addition, trees at the wet site were 

less sensitive to precipitation and showed no response to higher temperatures. In contrast, 

trees of the three drier sites experienced growth inhibition and had lower tree-ring Δ13C 

values during dry periods. Our results indicate more favorable growing conditions and 

lower stress in trees growing under wetter hydrological conditions. Management and 

conservation strategies dependent on site-specific conditions are critical for the health of 

these wetland forests under a rapidly changing hydroclimate. This study provides the first 

dendrochronological baseline for this region and a better understanding of favorable 

conditions for the growth and health of these forests which can assist management 

decisions such as streamflow regulation and conservation plans. 

 

Introduction 

Wetland forests are subjected to drought and floods, both of which can alter 

productivity and cause physiological stress in plants (Miao et al., 2009; Vivian et al., 

2014). These climate extremes and warming are predicted to increase in the 21st century 

across southern North America (Seager et al., 2007). Bottomland hardwood forests, a 

common wetland forest type, cover a significant proportion of the floodplains of the rivers 
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and bayous in coastal regions of the southeastern USA. Along the upper Texas Gulf coast, 

the lower basins of the Brazos River, San Bernard River and Colorado River combine to 

form the Columbia bottomland hardwood forests, an area of high biodiversity with a 

critical role in regional hydrology. Large portions of the Columbia basin forest have been 

cleared and land cover is now a mix of isolated forest patches, cropland, and pasture 

(Griffith, 2004), with only a few larger forest patches remaining (Fig. 1A). The pre-

settlement distribution of these forests was >283,000 ha along a 150 km long corridor 

inland from the coast, but has since been reduced to about 72,000 ha (USFWS, 1997; 

Barrow and Renne, 2001; Barrow et al., 2005). In the last few decades, this ecosystem has 

been experiencing dramatic hydrologic variation caused by severe droughts (Schmidt and 

Garland, 2012; Hoerling et al., 2013; Moore et al., 2015) as well as floods (van 

Oldenborgh et al., 2017; Sebastian et al., 2019), altering hydrologic conditions over short 

temporal scales. Annual precipitation amounts have been highly variable with up to 61% 

more rainfall than average during some years, while up to 53% deficit during others, in 

addition to at least five major tropical storms and hurricanes. Rapid urbanization caused 

by the proximity to the city of Houston and increasing agricultural activity in the area have 

likely altered water cycling significantly in these forests (Kearns et al., 2015; TWDB, 

2017). Similar forcing factors have altered the state of most wetland forest types in 

southeastern USA. 

Dendrochronology, the study of tree-rings, has been extensively used to 

understand the response of forest growth to changing environmental conditions (Babst et 

al., 2013; Charney et al., 2016; Tei et al., 2017). Additionally, tree-ring carbon isotopic 



 

16 

 

composition is an indirect record of internal leaf CO2 concentration, which is controlled 

by a balance between stomatal conductance and photosynthetic rate in response to 

environmental conditions (Farquhar et al., 1989; McCarroll and Loader, 2004; Gessler et 

al., 2014), such as temperature, vapor pressure and precipitation (Robertson et al., 1997; 

Leavitt et al., 2002). As tree rings are distinguished by their high temporal (annual or sub-

annual) and spatial resolution, regional tree-ring chronologies and carbon isotopic values 

have the potential to identify a wide range of growth and stress response of vegetation to 

hydroclimatic variability. However, carbon isotopic composition of tree-rings (δ13C) is 

also influenced by the changing carbon isotopic composition of atmospheric CO2. The 

increase in atmospheric CO2 concentration mainly due to fossil fuel combustion has led 

to a significant decrease in δ13C of atmospheric CO2 over the last century (Graven et al., 

2017). Although this change is relatively small over short temporal scales, this signal 

should be removed from tree-ring records when using tree-ring δ13C to understand plant 

physiological responses to local conditions. Changes in carbon isotopic composition of 

atmospheric CO2 can be accounted for by converting tree-ring carbon isotope ratio (δ13C) 

to carbon isotope discrimination (Δ13C) (Farquhar, 1983). Tree-ring δ13C values are 

inversely related to Δ13C values as higher discrimination results in a lower δ13C ratio.  

Studies conducted across the globe demonstrate growth inhibition signals in the 

form of narrow tree-rings in response to drought (Fang et al., 2011; Au and Tardif, 2012; 

Wang et al., 2017; Gao et al., 2018; Mikac et al., 2018; Szejner et al., 2020). Through 

these studies, a strong positive relationship between growth rates and precipitation has 

been well-established. However, tree growth is also known to be affected by waterlogging 
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and flooded soils (Astrade and Bégin, 1997; Kozlowski, 1997; St. George, 2014). These 

effects are more difficult to detect in tree-ring patterns and therefore very few studies have 

evaluated growth responses to flooding (Ballesteros-Canovas et al., 2015; Therrell and 

Bialecki, 2015; Meko and Therrell, 2020), particularly in southeastern USA (LeBlanc and 

Stahle, 2015). 

 Lower Δ13C values of tree-ring cellulose usually reflect stress caused by low 

environmental moisture at the time of carbon fixation, while higher Δ13C values are 

indicative of non-stressful growing conditions (Ehleringer et al., 1993; Saurer et al., 1995). 

Thus, dendroisotopic approaches combine the advantages of precisely dated and annually 

resolved tree rings with the sensitivity of carbon isotopic composition governed by 

ecophysiological responses to the environment (Gessler et al., 2009; Gessler et al., 2014). 

However, trees growing in wetland settings may not respond solely to moisture deficit. 

Excessive levels of precipitation and prolonged inundation or saturation in wetland 

ecosystems can also result in reduced stomatal conductance in trees, resulting in low 

discrimination values; however, this effect is highly variable across species (Stuiver et al., 

1984; Ewe and Sternberg, 2002; Ewe and Sternberg, 2003; Anderson et al., 2005; Buhay 

et al., 2008; Voelker et al., 2014). These studies in wetlands attribute this positive 

relationship between tree-ring carbon isotopes and precipitation to excess water stress. 

Although debatable, a number of possible mechanisms have been suggested with 

significant evidence to support this relationship. These include disruption of water and 

nutrient uptake due to anoxic conditions in the root zone (Jackson and Drew, 1984), 

lowered root hydraulic conductivity (Davies and Flore, 1986), increased abscisic acid 
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concentrations (Kozlowski and Pallardy, 1984) and accumulation of metabolic toxins 

from flooding (Jackson and Drew, 1984). Additionally, higher evaporation rates at 

wetland sites where ponding is common can reduce vapor pressure deficit in the canopy, 

resulting in lower canopy conductance (Oren et al., 2001) and subsequently lower 

discrimination rates. Anaerobic conditions at waterlogged sites can also lead to 

isotopically depleted methane production from the soils and affect the ambient δ13C in the 

canopy (Fisher et al., 2017). If these conditions that are specific to wetland ecosystems 

persist over a longer period during the growing season, carbon isotopic composition of 

tree-rings can be influenced.  

 In this study, we investigated how bottomland hardwood wetland forests of eastern 

Texas, USA respond to hydroclimatic variation and extremes under different edaphic 

conditions. The study was conducted at four sites, of which one was a frequently flooded 

wet site, while at the other three sites waterlogging and surface flooding were much less 

frequent and more ephemeral. Our first objective was to understand how radial growth is 

affected by hydroclimatic variation using tree-ring width analysis in water oak (Quercus 

nigra L.), a dominant species in the Columbia bottomland hardwood forest. We 

hypothesized that at relatively drier sites, trees have lower growth rates on average over 

long time scales compared to wetter sites. Periods of higher rainfall will be associated with 

increases in growth. However, in extremely wet conditions, at the frequently waterlogged 

site, trees will show a decline in growth caused by flooding and hypoxic conditions. Our 

second objective was to assess tree-ring Δ13C as an indicator of physiological stress 

inflicted by hydroclimatic conditions on these forests. We hypothesized that tree-ring Δ13C 
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in trees growing under relatively drier soil conditions will increase during periods of 

higher rainfall. In contrast, the opposite trend is expected at the wetter site where 

increasing moisture would induce flooding stress. In addition, we hypothesized that trees 

growing where waterlogging is common are less stressed during dry periods than those at 

the drier sites because of slower depletion of soil water reserves. Our third objective was 

to evaluate the relationship between physiological stress and growth inhibition. Although 

a positive relationship between tree-ring Δ13C and growth (tree-ring width) is expected in 

this study, the strength of this relationship could vary with site conditions. Given that water 

oaks are moderately tolerant of flooding, and dry conditions are also common in this 

ecosystem, we hypothesized that drought stress had a stronger effect on growth than 

flooding stress. Thus, we expected a stronger negative effect of physiological stress on 

growth at drier sites. 

 

Methods 

Study area 

The study was conducted at four different sites located within the Brazos-Colorado 

Coastal Basin in the San Bernard National Wildlife Refuge, Brazoria and Fort Bend 

Counties, Texas. The four sites are Dance Bayou (DB), Big Pond (BP), Otto (OT) and 

Buffalo Creek (BC) (Fig. 1B; Table 1). Site DB was observed to be flooded most 

frequently after significant rain events from 2016 to 2019. This site also remained 

waterlogged, unlike the other three sites. Therefore, we refer to this site as the “wet site”. 

The sites are located in Ecoregion III Western Gulf Coastal Plain and Ecoregion IV 
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Floodplain and Low Terraces, dominated by mixed bottomland hardwood forests 

(Griffith, 2004) at an elevation of about 16 m above MSL. Dominant tree species at these 

sites include Quercus nigra L. (water oak), Quercus fusiformis Small (live oak), Celtis 

laevigata Willd. (sugarberry) and Triadica sebifera (L.) Small (Chinese tallow). The 

climate of this region is classified as Humid Subtropical (Cfa) under the Köppen–Geiger 

climate classification system (Koppen, 1900). The average maximum monthly 

temperature is approximately 26 oC and the average minimum monthly temperature is 

approximately 15 oC. Mean annual rainfall is 1143 mm, with an average relative humidity 

of ~70% (NOAA, 2018a). The sites are located in the Linnville Bayou watershed of the 

San Bernard River Basin. As these forests are situated in the floodplain, sloughs are a 

common occurrence and inundate significant parts of the forest. Streamflow in Linnville 

Bayou and adjoining streams and sloughs that traverse the four sites is driven by at least 

7 dams on the San Bernard River with heights ranging from 2.5-7.5 m (NID, 2020). 

Therefore, the presence of these dams and their varying discharge into Linnville Bayou 

adds significant complexity to the hydrology of Columbia Bottomlands in addition to an 

already fluctuating hydroclimate. 

Soils are mainly vertisols and alfisols dominated by clay, loam and sandy loam 

texture (NRCS, 2020). The soils series include Aris fine sandy loam, Bacliff clay, Edna 

loam, Leton loam, Pledger Clay and Churnabog clay. In an Earth Resistivity Tomography 

study conducted by Guerra (2020) at sites DB, BP and OT, the wetter site DB had more 

conductive soil in the root zone as compared to the other two drier sites (Table 1). As all 
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three sites had similar soil salinity, the more conductive soils at site DB are attributed to 

higher soil moisture. 

 

 

 

 

 

 

Figure 1. a) Current distribution of Columbia Bottomlands (grey) and historic 

extent shown by the slanted parallel lines (modified from USFWS, 1997; Houston 

Wilderness, 2007; Rosen et al., 2008). The area in which the study sites are located 

is shown by the dashed box. b) Locations of study sites (circles) and weather 

stations (triangles) in the Brazos-Colorado Coastal Basin. 

(a) (b) 
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Table 1. Site description with basic soil properties (adapted from NRCS, 2020) and resistivity measurements averaged 

over the top 100 cm depth (adapted from Guerra, 2020). 

Site 
Elevation 

(m) 
Coordinates 

Tree DBH 

(cm)  

(mean ± SE) 

Clay 

% 

Silt 

% 

Sand 

% 

Soil 

pH 

Bulk 

Density 

(g/cm3) 

Organic 

Matter 

(%) 

Resistivity 

(Ω•m) 

(mean) 

DB 13 
29°7'9.56" N 

95°47'4.24" W 
48.3 ± 5.6 33 58 9 7.4 1.37 1.7 

9.9 

BP 16 
29°9'56.66"N 

95°49'43.34"W 
58.5 ± 3.2 71 28 1 7.1 1.12 4.8 

16.2 

OT 17 
29°10'47.76"N 

95°50'28.65"W 
56.4 ± 4.7 71 28 1 7.1 1.12 4.8 

12.2 

BC 26 
29°19'21.75"N 

95°51'47.01"W 
51.7 ± 3.8 55 34 11 7.8 1.20 2.2 

N/A 
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Tree core sampling 

 We sampled eight mature Q. nigra trees at each site in May 2017. Healthy 

individuals with no obvious injuries like cavities, scars or diseases were selected. 

Preference was given to trees with larger diameters at breast height (>40 cm) and uniform 

girth (Stokes and Smiley, 1968). Three cores were extracted at breast height from every 

tree spaced equally around the circumference. Two cores were processed and used for 

ring-width measurements and the third core was used for δ13C analysis after cellulose 

extraction. 

Dendrochronology 

Tree cores were dried to constant weight at 60 oC and mounted on 9.5 x 9.5 mm 

grooved core mounts. The mounted cores were sanded using a hand sander with 

progressively finer grades of sandpaper (60 to 400 grit) (Speer, 2012). Tree-ring widths 

were visually crossdated and then measured using MeasureJ2X linked to a sliding-stage 

microscope (2.5X). To verify and refine the crossdating, tree-ring widths were statistically 

assessed using the COFECHA program (Holmes, 1983). Site-level series intercorrelation 

between individual cores and mean sensitivity obtained from COFECHA were used to 

determine the quality of crossdating (Grissino-Mayer, 2001; Speer, 2012). Series 

intercorrelation indicates chronology-to-chronology variation in annual growth within a 

given chronology group, while mean sensitivity indicates if the variation in annual growth 

from year-to-year is sensitive enough for dendroclimatology analyses. As series 

intercorrelation can be a useful metric to interpret variations in growth between cores from 

the same tree, trees within a given site, cores across different sites and trees across different 
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sites, we calculated all four of these parameters separately (Bunn et al., 2020). To calculate 

series intercorrelation between trees within and across sites, we first averaged 

corresponding annual ring widths from multiple cores sampled from the same tree. The 

final standardized ARSTAN (A) chronology (ring-width index (RWI)) was generated for 

each site using the ARSTAN program, which mathematically standardizes tree-ring series 

by controlling the autocorrelation component in the time series and maximizes the climate 

signal (Cook and Holmes, 1984; Speer, 2012). Additionally, we also employed the 

Regional Curve Standardization (RCS) detrending method to generate site-level RWI 

using the RCS function (Biondi and Qeadan, 2008) in dplR R package (Dendrochronology 

Program Library in R) (Bunn et al., 2020). In the RCS detrending method, raw ring-width 

measurements of multiple trees from the same site are aligned by cambial age to calculate 

the average ring width for each annual ring. An age-related declining curve is then fit 

through the measurements and ratio of each measurement to the RCS curve value 

(expected growth) is then calculated to generate a RWI (Erlandsson, 1936; Briffa et al., 

1992; Briffa and Melvin, 2011). Unlike in the ARSTAN method in which RWI is 

generated by aligning ring widths by calendar year, in the RCS detrending method, ring 

widths are aligned by cambial age. We also calculated basal area increment (BAI) for each 

tree using the inside-out method (Biondi, 1999) in dplR R package (Bunn et al., 2020). 

Site-level BAI was obtained by averaging BAI of all trees from the site for each year. 

Climate data 

Daily climate summaries for 1950-2016 from three weather stations (Bay City, 

Newgulf and Wharton, Texas, USA, Fig. 1B) were obtained from the NOAA NCEI 
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database (NOAA, 2018a) and Palmer Drought Severity Index (PDSI) measurement for the 

Texas Upper Coast Division was collected from the NOAA NESDIS database (NOAA, 

2018b). Monthly and annual averages were used for analyses. As the three weather 

stations are located at equal distances from the sites (<25 km) and the measurements are 

highly correlated, an average of the three records was used for dendroclimatology 

analyses.  

Tree-ring δ13C analysis 

Tree cores not utilized for ring-width analyses were hand-sanded using a 

sandpaper (220 grit) to enhance ring-visibility. Tree-rings were selected from years with 

a wide range of precipitation to cover the maximum breadth of the dry-wet hydroclimatic 

spectrum (235-1120 mm/year). Selected tree-rings were precisely excised using an X-

Acto knife. For δ13C analysis, α-cellulose was extracted from the tree-rings using a slightly 

modified version of the Jayme-Wise Method (Green, 1963), in which a Soxhlet extraction 

assembly is used (Leavitt and Danzer, 1993; Cullen and Macfarlane, 2005). δ13C in tree-

ring α-cellulose was analyzed using a Costech ECS 4010 elemental analyzer (Costech 

Analytical Technologies, Valencia, CA, USA) interfaced with a Delta V Advantage 

isotope ratio mass spectrometer (Delta V, ThermoFisher Scientific, Waltham, MA, USA) 

operating in continuous flow mode in the Stable Isotopes for Biosphere Science (SIBS) 

Lab, Texas A&M University (College Station, TX, USA). Tree-ring δ13C was calculated 

in δ notation using the following equation: 

δ = [
𝑅𝑆𝐴𝑀𝑃𝐿𝐸−𝑅𝑆𝑇𝐷

𝑅𝑆𝑇𝐷
] ∗ 103               (1)  

where RSAMPLE is the 13C/12C ratio of the cellulose sample and RSTD is the 13C/12C ratio of 
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the V-PDB (Vienna Pee Dee Belemnite) standard (Coplen, 1995). Duplicate 

measurements taken after every 10 measurements yielded a precision of ±0.1‰.   

 Atmospheric δ13C depletion trend over the study period was removed from the 

tree-ring carbon isotopic record by converting carbon isotope ratios (δ13C) to carbon 

isotope discrimination values (Δ13C) (Farquhar, 1983): 

Δ13𝐶 = (δ13𝐶𝑎𝑡𝑚 − δ13𝐶𝑝𝑙𝑎𝑛𝑡)/(1 + δ13𝐶𝑝𝑙𝑎𝑛𝑡)             (2) 

Average annual atmospheric δ13C values from La Jolla Pier, CA, USA (Keeling and 

Keeling, 2017) were obtained to calculate Δ13C (Table 2). 

Table 2. Annual average atmospheric δ13C values from La Jolla Pier, CA, USA. 

Year δ13C Year δ13C Year δ13C 

1986 -7.70 1997 -8.02 2008 -8.34 

1987 -7.77 1998 -8.11 2009 -8.32 

1988 -7.87 1999 -8.13 2010 -8.36 

1989 -7.87 2000 -8.10 2011 -8.38 

1990 -7.89 2001 -8.11 2012 -8.43 

1991 -7.92 2002 -8.14 2013 -8.47 

1992 -7.91 2003 -8.23 2014 -8.51 

1993 -7.89 2004 -8.24 2015 -8.51 

1994 -7.95 2005 -8.26 2016 -8.59 

1995 -8.01 2006 -8.33   

1996 -8.03 2007 -8.34   

 

Statistical analyses 

To evaluate differences in mean Δ13C values between sites, we used one-way 

ANOVA. Levene’s test was used to check for equal variances, normality was tested using 

Shapiro-Wilk test and post-hoc analysis was conducted using Tukey HSD. Total monthly 

precipitation was calculated from daily summaries. Daily maximum temperatures for each 

day of the month were used to compute mean monthly maximum temperature. Monthly 
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PDSI values were used directly as obtained (NOAA, 2018b). To identify the portion of 

the growing season that has the strongest influence on growth and tree-ring Δ13C, we used 

simple linear regressions between site-wise annual ring-width index and Δ13C against 

monthly precipitation, mean monthly maximum temperature and monthly PDSI for all 

months of the same year as well as the previous year. Additionally, to estimate the multi-

month influence of early, late and overall growing season climate on growth and tree-ring 

Δ13C, we averaged monthly climate data over progressively longer periods of up to 8 

months within the growing season. We conducted additional linear regression on these 

calculated means against annual ring-width index and Δ13C. The time interval during 

which climate was found to be most strongly influencing growth and tree-ring Δ13C 

(maximum coefficient of determination) was used for dendroclimatology analyses. To 

understand the relationship between growth and stress, we also used linear regression 

between site-wise annual ring width index and Δ13C. All statistical analyses were 

conducted in R (R Core Team, 2012). 

 

Results 

Site chronologies 

Site-level tree-ring width chronologies (ARSTAN and RCS) were closely related 

to precipitation trends. Patterns of RWI and BAI were similar between sites for much of 

the 40-year period, except a few wet years (1983, 1991, 1992, 1997, 2001, 2003 and 2007) 

(Fig. 2 a,b,c), whereas, tree-ring Δ13C patterns were more variable, with values from site 

DB being higher in general (Fig. 2d). All site-level chronologies were found to be sensitive 
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enough for dendroclimatological analyses as mean sensitivity, which is a measurement of 

year-to-year variability in annual growth, fell within an acceptable range (Table 3). Forest 

stands at sites DB and OT were found to be younger (24 and 27 years, respectively) than 

the other two sites as indicated by the mean series lengths (Table 3). High series 

intercorrelations for the drier sites indicate lower within and between tree differences at 

these sites, as compared to the wettest site, DB (Table 4). Series intercorrelations across 

and within sites were slightly lower when calculated using tree-level means (Table 4). 

Ring-width indices calculated using the RCS and ARSTAN detrending methods were 

strongly correlated for all four sites (DB: p<0.0001; R2=0.71; BP: p<0.0001; R2=0.93; 

OT: p<0.0001; R2=0.82; BC: p<0.0001; R2=0.92) (Fig. 3). BAI at all four sites increased 

at a slow rate until the year 2000, after which an increasing shift was observed. At site 

DB, BAI increased more sharply possibly due to the stand being relatively younger, while 

at site BP, which had the most mature stand, change in BAI over time was less variable 

(Fig.  2c).  
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Figure 2. Temporal variation in a) ARSTAN ring-width index, b) RCS ring-width index, c) basal area increments and 

d) tree-ring Δ13C values of Quercus nigra in the Brazos-Colorado Coastal Basin of Texas. Total annual precipitation is 

shown by grey shading.   

(d) (c) 

(a) (b) 
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Figure 3. Relationship between site-level ring-width indices calculated using RCS 

detrending and using ARSTAN.  

 

Table 3. Descriptive statistics of site-level as well as combined tree-ring 

chronologies generated using COFECHA. 

Chronology Number 

of trees 

Number of 

dated series 

Mean 

Sensitivity 

Mean Series 

Length 

All sites 32 64 0.37 32 years 

DB 8 16 0.35 24 years 

BP 8 16 0.36 40 years 

OT 8 16 0.42 27 years 

BC 8 16 0.37 38 years 

 

Table 4. Series intercorrelation values calculated using chronologies from 

individual cores and tree-level means across all sites and within each site. 

Chronology Across all sites 

(individual 

cores) 

Across all 

sites (tree 

means) 

Within site 

(individual 

cores) 

Within site 

(tree means) 

All sites 0.64 0.59 - - 

DB - - 0.61 0.51 

BP - - 0.70 0.65 

OT - - 0.79 0.67 

BC - - 0.68 0.66 
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Differences in site-level tree-ring Δ13C values 

 Comparison between site-level mean tree-ring Δ13C measurements averaged over 

the entire 40-year study period supports our second hypothesis. Tree-ring Δ13C 

measurements were different between sites when averaged over the 40-year period [One-

way ANOVA, F (3, 24) = 4.05, p = 0.01]. This indicates that at least one site has a 

significantly different mean Δ13C signal over the 40-year period. Post hoc analysis 

indicates that the wet site, DB, had a higher mean tree-ring Δ13C value as compared to two 

drier sites, BP (p=0.03) and OT (p=0.02) (Fig. 4).  

 

Figure 4. One-way ANOVA and Tukey post hoc analysis (denoted with letters) for 

mean difference in site-level tree-ring Δ13C averaged over the 40-year period. Black 

diamonds indicate mean values, horizontal black lines indicate median values, 

black circles indicate outliers and grey boxes show values lying between the upper 

and lower quartiles. 

 

Dendroclimatology analyses 

Comparisons between ring-width indices and climate data reveal that growth rates 

are most strongly influenced by mid-growing season climate (May-July precipitation and 

maximum temperatures; July PDSI) (Appendix A: Table 13). Since a larger proportion of 

annual growth occurs during the mid-growing season, higher rainfall and lower maximum 

a 

ab 

b 

a 
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temperatures during this period strongly drive annual growth rates. Similar comparisons 

between tree-ring Δ13C measurements and climate data indicate that climatic conditions 

early in the growing season (April) are critical for causing physiological stress in these 

forests (Appendix A: Table 14). 

As hypothesized, we observed a strong increase in RWI with mid-growing season 

precipitation. Although this positive relationship was expected for trees growing in drier 

conditions, we observed a similar but weaker positive relationship between RWI and 

precipitation even at the wet site (Table 5, 6; Fig. 5a). We had hypothesized that for the 

wettest site, radial growth would decline due to flood stress, however, no such decline was 

observed even during extremely wet phases (Fig. 5a). Drought conditions and maximum 

temperatures during the mid-growing season resulted in decreasing RWI at the drier sites, 

but not at the wet site, as expected (Table 5, 6; Fig. 5b, c). Climatic variables had similar 

relationships with ring-width indices calculated using both the ARSTAN and RCS 

detrending methods (Table 5, 6). BAI overall had a much weaker relationship with 

climatic variables. BAI at the drier sites had weak positive relationship with precipitation, 

while at the wetter site, BAI was independent of precipitation (Table 7). Maximum 

temperature and PDSI did not affect BAI at any of the sites (Table 7). 

Table 5. Relationships between ARSTAN ring-width index and mid-growing season 

climatic conditions (α=0.05). 

 

Site 
Precipitation (May-July) Temperature (May-July) PDSI (July) 

p value R2 p value R2 p value R2 

DB <0.05 0.13 ns - ns - 

BP <0.001 0.39 <0.001 0.25 <0.001 0.49 

OT <0.001 0.42 <0.01 0.17 <0.001 0.31 

BC <0.001 0.44 <0.001 0.27 <0.001 0.47 
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Table 6. Relationships between RCS ring-width index and mid-growing season 

climatic conditions (α=0.05). 

 

 

 

Table 7. Relationships between basal area increment and mid-growing season 

climatic conditions (α=0.05). 

 

  

Site 
Precipitation (May-July) Temperature (May-July) PDSI (July) 

p value R2 p value R2 p value R2 

DB <0.05 0.19 ns - ns - 

BP <0.001 0.43 <0.01 0.22 <0.001 0.50 

OT <0.001 0.35 <0.01 0.15 <0.001 0.27 

BC <0.001 0.39 <0.01 0.24 <0.001 0.39 

Site 
Precipitation (May-July) Temperature (May-July) PDSI (July) 

p value R2 p value R2 p value R2 

DB ns - ns - ns - 

BP <0.05 0.15 ns - ns - 

OT <0.01 0.18 ns - ns - 

BC <0.05 0.10 ns - ns - 
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Figure 5. a) Relationship between ARSTAN ring-width index and mid-growing 

season precipitation (a), temperature (b) and PDSI (c). Site DB is represented by 

grey triangles, BP by grey diamonds, OT by black squares and BC by black circles. 

Regression lines are shown only for statistically significant relationships.    

In line with our second hypothesis, we observed an increase in tree-ring Δ13C 

values with increase in early-growing season precipitation at the drier sites (Table 8, Fig. 

6a). We had hypothesized that high precipitation at the wet site will reduce carbon isotopic 

discrimination as a result of physiological stress caused by possible flooding stress. 

However, we found no relationship between tree-ring Δ13C and precipitation at the wet 

site (Table 8). Higher maximum temperatures resulted in lower tree-ring Δ13C values only 

at one of the drier sites (BC) (Table 8, Fig. 6b). PDSI did not have any effect on tree-ring 

Δ13C values from all four sites (Table 8). Also, previous year’s climate did not have any 

(a) 

(c) 

(b) 
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statistically significant influence on either ring-width index or tree-ring Δ13C 

measurements at any of the four sites. 

Table 8. Relationships between tree-ring Δ13C values and early-growing season 

climatic conditions (α=0.05). 

Site Precipitation (April) Temperature (April) PDSI 

p value R2 p value R2 p value 

DB ns - ns - ns 

BP <0.05 0.70 ns - ns 

OT <0.05 0.68 ns - ns 

BC <0.05 0.59 <0.001 0.94 ns 

 

 

 

Figure 6. Relationship between tree-ring Δ13C values and early-growing season (a) 

precipitation and (b) temperature. Site DB is represented by grey triangles, BP by 

grey diamonds, OT by black squares and BC by black circles. Regression lines are 

shown only for statistically significant relationships. 

 

Relationship between RWI and tree-ring Δ13C 

 The comparison between tree-ring Δ13C values and tree-ring width indices from 

corresponding years supports our third hypothesis only at the drier sites. ARSTAN as well 

as RCS ring-width indices were correlated with Δ13C values only at sites OT (ARSTAN: 

p<0.05; R2=0.53; RCS: p<0.05; R2=0.45) and BC (ARSTAN: p<0.05; R2=0.58; RCS: 

p<0.05; R2=0.62). Tree-ring Δ13C values were not correlated with annual growth at the 

(a) (b) 



 

36 

 

wet site DB, which indicates that trees at this site were able to minimize growth inhibition 

during stressful conditions as compared to trees at the drier sites (Fig. 7). Tree-ring Δ13C 

values were not correlated with BAI at any of the sites. 

Figure 7. Relationship between ARSTAN ring-width index and tree-ring Δ13C. Site 

DB is represented by grey triangles, BP by grey diamonds, OT by black squares 

and BC by black circles. Regression lines are shown only for statistically significant 

relationships. 

 

Discussion 

Bottomland hardwood forests in the southeastern United States have been reduced 

to a small proportion of their original expanse. The hydrology of these wetland forests has 

been altered due to land use change and river regulation (Wear and Greis, 2002; Blann et 

al., 2009; Dahl, 2011) and the alteration is exacerbated by hydroclimatic anomalies such 

as droughts and floods (Ferrati et al., 2005; Erwin, 2008). These disturbances coupled with 

topographic heterogeneity cause some portions of these riverine wetland forests to be drier 

than others.  

 Contrary to our first hypothesis, similar annual radial growth of trees at the wetter 

site and the three drier sites during the past several decades suggests that trees at all sites 
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have access to moisture sufficient to sustain annual growth. Moreover, growth of trees at 

the wetter site was not inhibited by excessive moisture during wet years, which may reflect 

adaptation by Quercus nigra to the broad range of soil moisture conditions that occur in a 

floodplain forest (Gilman et al., 1994). Within the wetter site, we observed more 

heterogeneity in growth rates, which could be attributed to uneven waterlogging within 

the site. Although growth rates were correlated with rainfall across all sites, the wet site 

had a much weaker dependence on rainfall and showed no negative response to higher 

temperatures and drought severity. This suggests that wetland forests with high water 

tables are more independent of climatic conditions than their drier counterparts. It has been 

repeatedly observed across southeastern US that in wetter and hydrologically well-

connected parts of wetland forests, vegetation experiences lower stress during non-

favorable growing conditions (Clawson et al., 2001; Anderson et al., 2005; Gee et al., 

2014; Allen et al., 2016).  

 Consistent with our second hypothesis, mean tree-ring Δ13C values from the wetter 

site were significantly higher than those from the drier sites over a longer temporal scale, 

suggesting lower stomatal constraints on leaf gas exchange at the wet site as compared to 

those at the drier sites. Also supporting our second hypothesis, reduced stomatal 

conductance in trees from the drier site during drought years, clearly indicates prolonged 

stress caused by soil moisture deficit. This relationship between tree-ring Δ13C and 

drought conditions (low precipitation and high temperatures) has been extensively 

observed across different ecosystems such as boreal forests (Brooks et al., 1998; Au and 

Tardif, 2012), wetlands (Anderson et al., 2005; Buhay et al., 2008), lowland rain forests 
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(Schollaen et al., 2013), deserts (Lipp et al., 1996), etc. Generally, forested wetlands are 

known are not known to be drought stressed because of ample soil moisture availability. 

However, it is important to note that in parts of Columbia Bottomlands, depending on site-

level hydrologic conditions, vegetation does experience drought stress during some years 

when dry climatic conditions persist over a longer period. 

Our third hypothesis that tree-ring Δ13C would have a positive relationship with 

radial growth holds true under dry edaphic conditions, where drought stress restricts plant 

growth. Whereas in trees growing in wetter soils, tree-ring Δ13C and radial growth were 

largely decoupled. Similar differences in the relationship between tree-ring Δ13C and 

radial growth of the ring-porous bur oak (Quercus macrocarpa M.) have been observed 

across continental gradients where tree-ring Δ13C correlates positively with radial growth 

at drier sites, while the relationship is negative under wetter conditions (Voelker et al., 

2014). These differences have been attributed to indicators of site aridity (VPD, 

precipitation:evapotranspiration). A similar relationship has also been observed in pond 

cypress trees in the southeastern Everglades, Florida, USA (Anderson et al., 2005). While 

we did not observe a negative relationship between tree-ring Δ13C and radial growth at the 

wet site, no correlation between the two highlights the beneficial effect of wetter 

hydrological conditions on vegetation at the flooded site. Consequently, the absence of 

drought-related stress signals at the wet site is possibly due to supplemental soil moisture 

availability from flooding. At the drier sites, drought-related lower tree-ring Δ13C values 

are correlated with slower radial growth, which indicates that moisture deficit causes 

physiological stress in these trees, reducing stomatal conductance and eventually inhibits 
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growth. Additionally, tree-ring Δ13C and radial growth at the wet site were highly 

uncorrelated especially during years when growing-season precipitation was more erratic 

(dry spring followed by a wet summer and vice versa). The drought effect of drier 

hydroclimatic conditions is ephemeral and less intense at the wet site due to slower 

depletion of soil water reserves. Therefore, seasonal dry spells slightly reduce tree-ring 

Δ13C but do not always result in growth inhibition in wetter parts of this landscape due to 

sufficient moisture availability. We had expected to observe lower tree-ring Δ13C values 

during extremely wet growing seasons due to flooding stress, but the absence of these 

signals indicates adaptation to excessive wetness. It has been suggested that wetland 

species that experience frequent flooding develop adaptive traits that enable rapid 

reopening of stomata with the recession of flood waters as oxygen availability in the root 

zone increases (Crawford, 1982; Kozlowski and Pallardy, 1984; Kozlowski, 2002). 

Consistent with this, our observations signify that trees growing in drier conditions do 

have a more distinct tree-ring Δ13C-growth relationship as compared to those growing in 

wet conditions.  

 We found that  mid-growing season precipitation (from May to July) is most 

critical for growth in this landscape. Similarly, high temperatures during the same period 

were associated with suppressed growth. Therefore, adequate precipitation and moderate 

temperatures during this period are important controls over tree growth. However, due to 

changing climatic conditions and altered hydrology of this region, change in the seasonal 

moisture availability during this period can result in reduced productivity. Unlike the trees 

growing in drier conditions, the ones at the wet site are not affected by temperature and 
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drought severity throughout the growing season possibly because of residual soil moisture 

availability despite evaporation caused by higher temperatures. It is important to consider 

seasonal variation in precipitation because flood conditions in the dormant winter season 

do not necessarily help sustain growth throughout the summer in drier sites, especially if 

summers have below normal precipitation. On the other hand, trees at the wet site may 

benefit from access to soil moisture reserves from waterlogging caused by winter 

precipitation. 

 While the growth-climate relationship is more amplified during mid-growing 

season, tree-ring Δ13C is more prominently dependent on early-growing season 

precipitation. Lack of precipitation early in the growing season (April) results in 

substantial physiological stress caused by reduced stomatal conductance in trees at the 

drier sites. This is an indication that although dry conditions early in the growing season 

cause stress in trees, most growth is attained during the mid-growing season. Therefore, 

trees can recover from the stress and attain normal growth rates if adequate precipitation 

occurs during the mid-growing season. The prominent dependence of physiological stress 

on spring precipitation could be the result of more energy and resource allocation during 

leaf out. However, this holds true only under dry edaphic conditions. Such seasonal 

variations have been observed across different biomes and have been attributed to 

formation of wood using previous or current growing season assimilates (Schollaen et al., 

2013). It is apparent that if wood at the very beginning of the growing season is formed 

using assimilates from the previous growing season, earlywood tree-ring Δ13C does not 

have a correlation with early-growing season precipitation from the current year (Helle 
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and Schleser, 2004; Porter et al., 2009; Schollaen et al., 2013). In our study, tree-ring Δ13C 

is well-correlated with early-growing season precipitation from the current growing 

season. Although this indicates that majority of annual wood is formed using assimilates 

from the current growing season, it needs to be noted that earlywood portions of ring-

porous oaks like those of Q. nigra have lower wood density (Gasson, 1987; Lei et al., 

1996; Rao, 1997). Therefore, by using entire annual ring composites, the relatively small 

signal from the previous year could be present but not distinctly detected. Hence, 

comparing our ring-width indices and tree-ring Δ13C values with previous years’ climate 

yields no correlation (p>0.05) indicating its relatively weak effect.  

 Climate models have predicted a significant decrease in growing season 

precipitation and increase in temperature throughout Texas (Jiang and Yang, 2012) and 

especially in the Brazos River basin (Awal et al., 2016) where our study area is located. 

This region occurs at the extreme southwestern edge of the bottomland hardwood forest 

type (Bray, 1906; Putnam et al., 1960), which is also the southwestern edge of the 

distribution of Q. nigra and many other wetland tree species. Edges of distribution ranges 

usually experience environmental conditions that are less favorable (drier and warmer) to 

the species as compared to the range core (Rehm et al., 2015), which makes them more 

resilient and better adapted to survive in stressful conditions relative to core populations 

(Gutschick and Hormoz, 2003). Therefore, as climate changes, these native wetland tree 

populations will play key roles in helping the species maintain their geographic 

distributions.  
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Conclusion 

 This study provides insights on hydroclimatic conditions that can provide suitable 

conditions for better wetland forest productivity and health. Columbia bottomlands 

support a large diversity of plants, mammals, birds, reptiles and insects. The knowledge 

of optimum growing conditions for the vegetation in this region is critical for the survival 

and conservation of the biodiversity that is dependent on this ecosystem. We provide 

evidence that hydrologically wetter portions of this landscape experience less stress and 

subsequently lower growth inhibition in response to hydroclimatic changes as compared 

to drier areas. Trees in drier areas grew more slowly during dry and warm periods and 

were more sensitive to seasonal physiological stress. We observed variation in growth and 

stress responses to climatic conditions during different phases of the growing season. Our 

findings suggest that hydroclimatic changes to this ecosystem that alter the timing and 

frequency of wet conditions can negatively impact forest health. This study also provides 

the first tree-ring records from the Columbia bottomlands, which can act as a baseline for 

future ecological research in the region. 
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CHAPTER III  

TREE WATER-USE STRATEGIES IN AN INTERMITTENTLY FLOODED 

BOTTOMLAND HARDWOOD FOREST 

 

Synopsis 

Quantifying plant water-use in wetland forests is critical as these ecosystems play 

critical roles in landscape and regional scale hydrologic cycles, and have become 

increasingly threatened by human and climatic disturbances. We measured sap flow in 

native and invasive tree species in an intermittently flooded slough and a drier upland 

patch in a bottomland hardwood forest in the Brazos-Colorado coastal basin, Texas, USA. 

Our objectives were to: (i) estimate the relative seasonal difference in tree water-use under 

contrasting hydrologic conditions using sap flow measurements, and (ii) determine if the 

invasive Triadica sebifera has a different water-use strategy compared to native species. 

Results indicate that trees growing under waterlogged conditions had lower but more 

consistent sap flow rates throughout the growing season with suppression during early-

spring waterlogging. However, they rapidly recovered from flooding stress and were less 

sensitive to dry and warm summer conditions. In contrast, upland trees suppressed sap 

flow in the summer to prevent water loss. Sap flow in all trees responded positively to 

flooding up to a threshold. Lastly, T. sebifera, with overall smaller tree sizes and younger 

individuals, had only moderately lower sap flow rates as compared to mature native oaks. 

The invasive T. sebifera may have the potential to alter transpiration in the regional 

hydrologic cycle in the near future as their abundance is on the rise. This study provides a 
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better understanding of plant water-use in a rapidly shrinking wetland ecosystem, where 

invasion is an added concern.  

Introduction 

Prior to human settlement, extensive bottomland hardwood forests occurred along 

major lowland rivers throughout the southeastern United States. Removal of vegetation 

for agriculture and timber, dam construction, urban expansion and infestation by invasive 

plants, in addition to climate change, has greatly reduced the total area of these forests 

(Swift, 1984; Daryadel and Talaie, 2014). Furthermore, hydrology of wetlands that sustain 

riparian forests has been modified due to flow regulation, drainage ditches (Wear and 

Greis, 2002), impoundment from berms (Blann et al., 2009), and water table drawdowns 

(Dahl, 2011). Watersheds of the Brazos, San Bernard and Colorado Rivers form a 

floodplain on the Gulf coast of Texas. Bottomland hardwood forests known as the 

Columbia Bottomlands dominate the riparian zones in this floodplain. Over the past few 

decades, increasing anthropogenic pressure from the ever-expanding city of Houston 

coupled with a changing hydroclimate (Schmidt and Garland, 2012; Hoerling et al., 2013; 

Moore et al., 2015; van Oldenborgh et al., 2017; Sebastian et al., 2019) have reduced the 

expanse of these oak-dominated forests by more than 75% (USFWS, 1997; Barrow and 

Renne, 2001; Barrow et al., 2005) (Figure 1). These forests are dominated by wetland 

species, such as Quercus nigra, Carya illinoinensis, Celtis laevigata, that are largely 

intolerant of drought conditions (Luo et al., 2008; Laanisto and Niinemets, 2015).  

Moreover, a changing climate is expected to significantly reduce precipitation in 

this region (Jiang and Yang, 2012), posing a threat to the native wetland vegetation. 
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Hydroclimate along the gulf coast of Texas has been inconsistent in the last five decades. 

Annual precipitation amounts have been highly variable with up to 61% more rainfall than 

average during some years, while up to 53% deficit during others. These fluctuations have 

resulted in numerous droughts (1988, 1999, 2005, 2011) and floods (1994, 2015, 2016). 

Additionally, the region is also prone to frequent tropical storms and hurricanes (1983, 

2001, 2005, 2008, 2017), which can bring massive amounts of rainfall (up to 1000 mm) 

within 4-5 days, inundating large swaths of floodplain forests for prolonged periods. 

Depending on whether bottomland hardwood forests are directly influenced by 

fluctuating river flows, flood conditions may readily transition into droughts, often 

multiple times in the same growing season (Vivian et al., 2014). Associated soil conditions 

can also transition rapidly from wet and hypoxic to dry and hyperoxic, and vice versa, 

which results in physiological stress on plants. Studies conducted to understand the effects 

of inundation on floodplain vegetation across the United States have yielded very 

contrasting results in terms of productivity (Mitsch et al., 1991), nutrient content (Saha et 

al., 2010), changes in anatomy (Hook and Scholtens, 1978), root functioning (Andersen 

et al., 1984), root growth (Baker et al., 2001), early senescence (Kozlowski, 1997), 

stomatal conductance (Ewe and Sternberg, 2003), among others. In some cases, flooding 

has been found to be beneficial to plant functioning, while it has proven to be detrimental 

in others (Odum et al., 1979). Additionally, wetland plants have been known to rapidly 

switch their physiological response to seasonal changes (Kozlowski and Pallardy, 1979; 

Crawford, 1982; Pezeshki and Chambers, 1985; Lande, 2009; Shannon et al., 2018).  

Although a wide range of physiological studies have been conducted in wetlands across 
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the US, a significant number of studies focus on effects of flooding on shrubs (Erickson, 

1989), herbs (Jackson and Drew, 1984), seedlings (Zaerr, 1983) or plants grown in 

agricultural settings (Schaffer and Ploetz, 1989). While some studies have focused on tree 

physiology in forested wetlands, very few have attempted to quantify in situ tree water-

use under flooded conditions (Krauss et al., 2015; Allen et al., 2016). Given that forested 

wetlands are expected to experience highly variable hydrologic conditions under future 

climatic scenarios, a better estimation of wetland tree water-use in response to floods and 

droughts is needed to understand the impacts on these sensitive ecosystems and the 

hydrological services they provide. 

The timing and duration of wet and dry phases are also critical (Allen et al., 2016). 

Depending on species and site-specific edaphic conditions, some disturbances can 

promptly induce physiological stress, while in other cases, a lagged effect is observed, 

where stress is induced much later (Miao et al., 2009). This also holds true for the intensity 

of stress, which can vary according to the magnitude, nature and timing of the disturbance 

(Shafroth et al., 2002). Sap flow measurements have been effectively used as a direct 

indicator of plant water stress across ecosystems, including wetlands. In a study conducted 

on wetland trees by Allen et al. (2016), it was observed that at a hydrologically well-

connected site, sap flow increased more sharply in Quercus lyrata as compared to Celtis 

laevigata during flooding events. Another study conducted in four coastal wetlands in 

South Carolina, USA demonstrated that same species can have variations in sap flow rates 

if site-level conditions are different even within the same landscape (Krauss et al., 2015).   
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Apart from hydroclimatic anomalies and human-induced disturbances, invasive 

species are a major threat to wetland forests (Zedler et al., 2004). Invasion by Chinese 

tallow (Triadica sebifera (L.) Small) has been on the rise in the southeastern US, including 

Columbia Bottomlands and other wetlands along the gulf coast (Bruce et al., 1995). This 

tree is known to aggressively displace native vegetation, threatening native oaks and other 

plant species (Bruce et al., 1997; Siemann and Rogers, 2003a). Chinese tallow has been 

found as the most abundant species in eight counties around Houston, Texas (Nowak et 

al., 2005). Tallow invasion has also been found to be aided by disturbance caused by wild 

hogs and canopy gaps created by extreme storm events, such as tornadoes and hurricanes 

(Siemann et al., 2009), which are common in this region. Moreover, tallow invasion is 

predicted to expand westward from the Gulf Coast of Texas and engulf several more 

wetlands along the coastal plains (Wang et al., 2011a). Tallows are known to achieve 

remarkable flood tolerance at a very young age, which is comparable to or even more than 

some wetland tree species (Jones and Sharitz, 1990; Gabler and Siemann, 2013). However, 

tallow seeds do not germinate under waterlogged conditions (Gabler and Siemann, 2013); 

therefore, invasion success is usually found to be higher in intermittently flooded soils 

rather than at locations that experience prolonged waterlogging (Cameron and Spencer, 

1989). Although the tolerance of tallow to herbivory and range distribution has been 

studied extensively in this region, its direct effect on the ecosystem water budget through 

transpiration is yet to be determined. Invasive species are known to aggressively compete 

against native vegetation for water and deplete groundwater reserves. Thus, tallow 



 

48 

 

invasion adds even more complexity to the already fluctuating hydrology of the Columbia 

Bottomlands.     

In this study, we investigated water-use strategies of trees growing under 

intermittently flooded and non-flooded conditions. Our objectives were to: (i) estimate the 

relative seasonal difference in water-use by trees growing in dry, upland conditions versus 

trees that experience intermittent waterlogging using sap flow measurements, and (ii) 

investigate if the invasive Triadica sebifera  has a different water-use strategy as compared 

to other native wetland trees and the magnitude of this difference as the growing season 

progresses. The intermittently flooded patches in this forest have significantly wetter 

conditions as compared to the upland patches throughout the growing season. Therefore, 

we hypothesized that due to higher water availability, trees growing in these wetter patches 

will have higher sap flow rates over the entire growing season as compared to the drier 

patches. However, the relative difference in sap flow rates may vary seasonally. Sap flow 

in trees growing under drier soil conditions is expected to be more sensitive to wet periods 

caused by higher water use due to replenishment of soil water. However, we hypothesized 

that during periods of prolonged waterlogging, the inundated trees will have sustained sap 

flow rates due to better adaptation to flooded conditions. Based on the literature available 

on the behavior of Triadica sebifera, which is favored by flooded conditions, we 

hypothesized that it will consistently have higher water-use as it is known to be well-

adapted to shaded and waterlogged conditions. 
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Methods 

Site description 

The study was conducted at the Big Pond unit (29°9'56.66"N 95°49'43.34"W) of 

San Bernard National Wildlife Refuge in Brazoria County, Texas, USA (Fig. 8). San 

Bernard National Wildlife Refuge is located in Ecoregion III Western Gulf Coastal Plain 

and Ecoregion IV Floodplain and Low Terraces, dominated by mixed bottomland 

hardwood forests (Griffith, 2004) and has a humid subtropical climate (Koppen, 1900). 

The area receives a mean annual rainfall of 1143 mm, with an average relative humidity 

of ~70% and the mean temperature is approximately 20 °C (NOAA, 2018a). The study 

site is located in a smaller basin of the San Bernard River within the Brazos-Colorado 

Coastal Basin. Numerous streams and bayous are a present in this floodplain, which create 

sloughs that inundate significant patches of the riparian hardwood forest. Soils are mainly 

vertisols and alfisols dominated by clay, loam and sandy loam texture (NRCS, 2020).  

The Big Pond unit also includes upland areas that do not experience flooding as 

well as sloughs that are frequently waterlogged for prolonged periods. Flooding in these 

sloughs is mainly driven by upstream river flows. Sloughs are a critical feature in these 

floodplain forests and support substantial biodiversity, including wetland tree species like 

Carya illinoinensis, Quercus virginiana and Quercus shumardii, which account for 40%, 

21% and 13% of basal area (BA), respectively. Although tallows constitute about 7% of 

basal area, nearly 20% of stand individuals are tallows, most of which are young 

individuals with smaller basal areas (mean 0.03 ± 0.01 m2), indicating recent invasion. 

Vegetation in the upland areas is dominated by Quercus nigra, Quercus virginiana and 
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Celtis laevigata, which account for 32%, 15% and 15% of the basal area, respectively 

(Cross et al., in preparation). 

 

Figure 8. Current distribution of Columbia Bottomlands (grey), historic extent 

shown by the slanted lines (modified from USFWS, 1997; Houston Wilderness, 

2007; Rosen et al., 2008) and location of the Big Pond study site. 

 

Climate and flood data 

A weather transmitter (WXT530, Vaisala, Vantaa, Finland) was installed in a 

clearing 60 m away from the study plots and was used to measure air temperature (°C), 

relative humidity (%), wind speed (m/s) and precipitation (mm) at 30 second intervals and 

30-minute averages. Vapor pressure deficit (VPD, kPa) was calculated from air 

temperature and relative humidity as described by (Jones, 1992). Stage height (m) 

measurements were obtained from an online database supplied by USGS Station 

08117500 on the San Bernard River in Boling, Texas (USGS, 2019). A flood pulse was 

Big Pond 
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quantified when stage height exceeded a daily average of 2 m with at least 30 mm of 

rainfall recorded within a 24-h period. 

Sap flow measurements 

We established two 30-m diameter study plots, one of which was located in a 

frequently waterlogged slough, while the other was located in an upland area that seldom 

floods. In the upland plot, sap flow sensors were installed in three water oak trees 

(Quercus nigra), one live oak (Quercus virginiana) and one green ash (Fraxinus 

pennsylvanica); while in the slough plot, the sensors were installed in one Shumard oak 

and four Chinese tallows (Triadica sebifera). Selection and replication of species was 

restricted by the availability of a power source and spatial constraints due to limited access 

to viable trees. Sap flow was measured for a 6-month period from 9 March to 7 September, 

2018, which encompasses a significant portion of the growing season from the beginning 

of spring to the end of summer. There was a gap in the measurement from 29 July to 13 

August due to power failure. We used thermal dissipation probes (Granier, 1987), in which 

the reference and heated probes containing thermocouples were inserted in the outer 20 

mm of the active xylem. We installed two sensors in each tree in radially opposite 

directions. The sensors were installed at a height of approximately 1.5 m. Healthy 

individual trees with no obvious injuries like cavities and scars or diseases were selected 

for the installation.  

Temperature differences between the reference and heated probe were converted 

to sap flux density Js (sap flow per unit sapwood area) (kg m-2 s-1) using Granier’s 

empirical calibration equation (Granier, 1987) (Equation 3). Sap flow measurements were 
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recorded every 30 seconds and averaged over 30-minute intervals and stored on a CR10X 

datalogger (Campbell Scientific Inc., Logan, UT).  

𝐽𝑠 = 0.119 (
𝛥𝑇𝑀−𝛥𝑇

𝛥𝑇
)

1.231

= 0.119𝐾1.231            (3) 

where, ΔTM is the maximum temperature difference when sap flux is assumed to be 0, and 

ΔT is the actual temperature difference. Herein, Js is expressed as hourly (kg m-2 h-1) and 

daily (kg m-2 day-1) totals, where daily total sap flux density was the sum of all Js in a 24-

h period. 

Diameter-at-breast-height (DBH, cm) was measured for each tree and active 

sapwood area (SA, cm2) was determined by visual examination of tree cores (Granier et 

al., 1994; Giothiomi and Dougal, 2002). Basal area (BA, cm2) was calculated using DBH.  

As environmental conditions vary significantly as the growing season progresses, 

to understand response of Js to changing seasonal conditions, we divided the study period 

into three phases: 1) Early-spring (March 9 - April 30), 2) Late-spring (May 1 - June 30), 

and 3) Summer (July 1 – September 7). 
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Table 9. Individual description of sampled trees. 

No. Species Plot 
DBH 

(cm) 

Basal 

Area 

(BA) 

(cm2) 

Sapwood 

Area 

(SA) 

(cm2) 

1 Quercus 

virginiana 
Upland 48.4 1839 836 

2 Quercus nigra Upland 52.1 2131 871 

3 Quercus nigra Upland 67.1 3536 1697 

4 Quercus nigra Upland 65.0 3318 1075 

5 Fraxinus 

pennsylvanica 
Upland 66.3 3419 2906 

6 Quercus 

shumardi 
Slough 29.7 692 322 

7 Triadica 

sebifera 
Slough 41.2 1333 1055 

8 Triadica 

sebifera 
Slough 26.1 535 471 

9 Triadica 

sebifera 
Slough 24.5 475 389 

10 Triadica 

sebifera 
Slough 15.3 185 120 

 

Statistical analyses 

Simple linear regression was used to assess the relationship between precipitation 

and flood pulse, with stage height used as a proxy. The predictor variable was total daily 

precipitation with the mean stage height recorded on the following day as the response 

variable. To evaluate the difference in seasonal variation in Js for the upland and inundated 

trees, we used two-way repeated measures ANOVA followed by post-hoc analysis using 

Tukey HSD. The same approach was used to investigate seasonal variation in Js of Chinese 

tallow and native wetland tree species. Simple linear regression models were used to 

assess the response of Js to changes in VPD. These regressions were conducted separately 

for the two plots during the three seasonal periods. To understand how sap flow responds 



 

54 

 

to inundation and changes in groundwater table depth during flood pulses, we used simple 

linear regression with Js as the response variable and stage height as the predictor variable. 

When using regression between Js and stage height, we filtered out days when daytime 

average VPD was less than 0.5 kPa to ensure that low Js was a function of only stage 

height and not VPD. All statistical analyses were conducted in R (R Core Team, 2012). 

 

Results 

Precipitation and flood dynamics 

A total of 421 mm of precipitation was recorded over the entire study period. Two 

storm events occurred in early-spring, one in March (37 mm) and the other in April (38 

mm). These events resulted in two flood pulses with stage heights above 2.8 m after both 

storms (Figure 9). Another flood event occurred in mid-June as 110 mm rainfall was 

recorded in 4 days with 50 mm rainfall recorded in a single day. This precipitation resulted 

in a major flood pulse (stage height ~ 4.7 m, Figure 9). Total precipitation in June was 

141 mm. During the flood pulses, when precipitation exceeded 10 mm in a 24-hour period, 

stage height responded with an increase on the following day (R2=0.70; Figure 10). Other 

than the three flood pulses that occurred during the study period, two additional winter 

pulses also occurred in the month preceding the study period. June was the wettest month 

with 2 - 3 times the total monthly precipitation as previous months and July was the driest 
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month. The mean daily VPD throughout the study period was 1.2 kPa, with maximum 

rates observed in the month of August (VPD=1.6 kPa) (Figure 9). 

 

Figure 9. Daily total precipitation, daily average VPD and daily average stage 

height during the study period. Dashed line marks the beginning of the study. 

 

 

Figure 10. The relationship between precipitation and stage height recorded on the 

following day, when precipitation exceeded 10 mm/day (R2=0.70; p < 0.001). 

 

Sap flow across seasons 

Sampled trees in the slough plot averaged 54% smaller in size as compared to the 

trees in the upland plot (Table 9). Consequently, daily tree water-use in the upland trees 

was much higher (100-400 kg day-1) than in the slough trees (10-75 kg day-1). Water-use 
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increased with DBH in the upland trees more strongly (p<0.01, R2=0.93) as compared to 

that in the slough trees (p<0.05, R2=0.87). Daily Js was also higher in the upland trees 

(1200-2700 kg m-2 day-1) as compared to the slough trees (700-1000 kg m-2 day-1). 

However, DBH had no significant effect on daily Js (Figure 11a). When daily total Js was 

compared between individual trees, Q. nigra trees had the highest sap flux rates across 

seasons, followed by F. pennsylvanica, Q. virginiana, Q. shumardi and T. sebifera, 

respectively (Figure 11b). Overall, daily total Js decreased in the summer for all 

individuals, except Q. shumardi, which suppressed Js during early-spring. 
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Figure 11. a) The relationship of tree DBH (cm) with daily total tree water-use (kg 

day-1) and daily total Js (kg m-2 day-1) averaged over the entire study period. 

Upland tree water-use and Js are represented by black circles and black triangles, 

respectively. Slough tree water-use and Js are represented by grey circles and grey 

triangles, respectively. Significance levels labelled with **p<0.01, *p<0.05, and ns = 

non-significant (p>0.05). b) Seasonal daily total Js of each individual tree. 

 

Trees in the upland plot consistently had higher Js per BA throughout the growing 

season (Figure 12,13). However, the difference in the estimated marginal mean daily Js 

between the two plots declined as the growing season progressed, from 1107 ± 304 kg m-

2 day-1 in early-spring (p > 0.05) to 1038 ± 304 kg m-2 day-1 in late-spring (p > 0.05) to 

(a) 

(b) 
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653 ± 305 kg m-2 day-1 in the summer (p > 0.05) (Figure 13). Daily Js in the upland trees 

increased by 14% from early to late-spring (p < 0.0001) but declined by almost 27% in 

the summer (p < 0.0001) as soils dried out. Daily Js in the slough plot was slightly more 

variable as it increased sharply by 43% in late-spring (p < 0.0001) with a smaller decline 

(17%) towards the summer (p < 0.001) (Figure 13). 

 

Figure 12. Variation in total daily Js (kg m-2 day-1) for the upland and slough plot 

for the entire study period. 

 

Figure 13. Comparison between estimated marginal mean daily Js (kg m-2 day-1) for 

the three seasonal periods (early-spring, late-spring and summer) and for the two 

plots calculated using two-way repeated measures ANOVA. Post-hoc analysis is 

denoted with letters and error bars indicate upper and lower limits at α=0.05. 
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Influence of vapor pressure deficit over Js 

As expected, throughout spring, sap flux rates in upland as well as slough trees 

increased strongly with VPD (p < 0.0001). VPD explained similar variability in Js per BA 

in both the plots during this period (R2=0.39-0.48; Figure 14a,b). However, in the summer, 

VPD had a much weaker effect on Js as it explained only 12% variability in Js in the slough 

trees (p < 0.05) (Figure 14b), while upland tree Js showed no response to VPD (Figure 

14a). 

 

Figure 14. Relationship between total daily Js (kg m-2 day-1) and daily average VPD 

for the upland (a) and slough plot (b). Significance levels labelled with ***p<0.001, 

**p<0.01, *p<0.05, and ns = non-significant (p>0.05). 

 

Combined effect of flooding and VPD on Js 

The three flood pulses that occurred during the study period caused waterlogging 

in the slough plot, but not in the upland plot. Although the upland plot was not directly 

waterlogged, the close proximity of the flooded patch to the upland plot can decrease the 

depth to groundwater. Therefore, although the upland trees are not usually inundated, 

these flood pulses can increase soil moisture availability in the root zone due to rising 

groundwater levels.     
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During the first two smaller flood pulses (i.e., stage height not exceeding 3 m), Js 

increased with stage height. During the flood pulse in March, Js increased with stage 

height in both plots, with stage height explaining more variability in Js in the upland trees 

(p < 0.01; R2=0.70) as compared to the inundated trees (p < 0.05; R2=0.52) (Figure 15a). 

During the April flood pulse, the relationship between stage height and Js weakened 

marginally in the upland trees as stage height explained 49% variability in Js (p < 0.05), 

lower than that during the first flood pulse. In the slough trees, although the relationship 

remained positive, much less variability in Js was explained by stage height (p < 0.05; 

R2=0.38) (Figure 15b). During the larger flood pulse in June, in which stage height reached 

4.7 m as compared to 2.8 m during the first two pulses, Js in both the plots did not respond 

to changes in stage height. In both plots, Js remained nearly constant until the stage height 

reached 3.5 m but indicated possible evidence of decline as stage height continued to rise 

up to 4.7 m (Figure 15c). Although stage height had a strong influence on Js during the 

March flood pulse than VPD, VPD emerged as a stronger driver of Js during the April and 

June flood pulses (Table 10). 
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Figure 15. Relationship between total daily Js (kg m-2 day-1) and daily average stage 

height (m) during the March (a), April (b) and June (c) flood pulses. Upland plot is 

indicated by circles and slough plot by squares. Darker to lighter colored symbols 

indicate daily mean VPD (higher to lower, respectively). Significance levels labelled 

with **p<0.01, *p<0.05, and ns = non-significant (p>0.05). 

 

 

 

Table 10. Pearson’s correlation coefficients and regression results between daily 

total Js and average daily VPD and average daily stage height during the three 

flood pulses.   

Plot 
Flood 

pulse 

VPD Stage Height 

Pearson’s 

r 

p-value R2 Pearson’s 

r 

p-value R2 

Upland 

March 0.77 <0.01 0.59 0.84 <0.01 0.70 

April 0.78 <0.01 0.60 0.71 <0.05 0.49 

June 0.54 <0.05 0.29 0.23 ns - 

Slough 

March 0.67 <0.05 0.45 0.72 <0.05 0.52 

April 0.97 <0.0001 0.95 0.62 <0.05 0.38 

June 0.68 <0.01 0.47 -0.12 ns - 

 

VPD 

1.5 kPa 

1.0 kPa 

0.5 kPa 
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Comparison between native and invasive species 

Over the entire study period, the Js of Chinese tallow was only on average 23% 

less than that of the native wetland species (p < 0.01). The sap flux rates of native wetland 

species increased by 27% in late-spring (p < 0.0001) and declined by 27% in summer (p 

< 0.0001), eventually almost reaching their early-spring sap flux rates. Tallows displayed 

a similar trend but with a slightly more suppressed water-use later in the growing season 

as sap flux rates dropped by 31% in the summer as compared to late-spring (p < 0.0001) 

(Figure 16). 

 

Figure 16. Comparison between estimated marginal mean daily Js (kg m-2 day-1) for 

the three seasonal periods (early-spring, late-spring and summer) and for different 

species (native wetland species and Chinese tallow) calculated using two-way 

repeated measures ANOVA. Post-hoc analysis is denoted with letters and error 

bars indicate upper and lower limits at α=0.05. 
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Discussion 

Seasonal patterns of sap flow 

We observed substantial differences between sap flux rates of trees growing in 

upland, non-flooded conditions and those growing with intermittent waterlogging 

throughout the growing season. At the onset of the growing season in early spring, 

contrary to our hypothesis, trees growing in the slough had a much lower Js that was only 

about 40% of that in the upland trees. Two flood pulses occurred in the winter, right before 

the start of the growing season, supplying ample moisture to the upland trees while 

possibly waterlogging the slough trees. It has been commonly observed that lack of 

oxygen in the root zone and accumulation of phytotoxic compounds due to flooding can 

disrupt root functioning and water uptake (Kozlowski, 1997; Colmer and Greenway, 2005; 

Bailey-Serres and Colmer, 2014; Shabala et al., 2014). To counter these anaerobic 

conditions, flooded trees are known to delay their leaf-out (Broadfoot and Williston, 1973) 

and maintain low water-use (Pezeshki, 1993; Else et al., 2009) until conditions become 

favorable in the root zone. Root respiration and water uptake resume with the recession of 

flood waters as oxygen availability in the root zone and belowground tissues increases, 

and accumulated phytotoxic compounds dissipate, resulting in favorable conditions 

(Crawford, 1982; Kozlowski and Pallardy, 1984; Kozlowski, 2002). This is evident from 

our observations in late-spring as daily sap flux rates in the flooded trees increased by 326 

kg m-2 on an average. By late-spring, two flood pulses had occurred, again saturating the 

soils in the slough. Despite, these saturated conditions, sap flux rates in the flooded trees 

continued to rise as days got warmer. 
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 We observed a similar pronounced decline in sap flux rates in both plots in the 

summer. It is important to note that even in a wetland forest, soil moisture can become 

limiting as increasing temperatures and atmospheric dryness induce soil evaporation, 

resulting in suppression of plant water uptake, especially during the summer. This 

conflicts with prior studies showing water limitations only during extreme droughts 

(Middleton and Kleinebecker, 2012). However, it has been commonly observed in 

wetlands around the world that drought-like conditions can rapidly develop after dry spells 

or if hydrologic connectivity of the wetland is disrupted (Parolin, 2001; Dewey et al., 

2006). Despite a major flood pulse in June, trees in both upland and slough areas were 

unable to sustain their sap flux rates in the summer, likely due to high VPD rates. This 

demonstrates the speed with which conditions can transition from waterlogged to moisture 

deficient even in wetland environments.  

Sap flow response to flooding and atmospheric dryness 

Wetland plants have been observed to respond to short-term flood pulses in 

different manners. In some cases, inundation caused by flooding is beneficial to vegetation 

(Mitsch et al., 1991), whereas, it is detrimental in others (Parolin and Wittmann, 2010). 

These effects are variable across species (Voesenek et al., 2004; Allen et al., 2016), 

environmental and topographic conditions (Megonigal et al., 1997; Allen et al., 2016), 

frequency and severity of flooding (Kreuzwieser and Rennenberg, 2014), among others. 

We observed a pronounced rise in sap flux rates following moderate early-spring flood 

pulses in both upland and slough trees. Sap flux continued to increase with stage height 

under early-spring conditions until a very large flood in late spring. This suggests a 
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threshold of flood tolerance in these trees, beyond which they exhibit stressful response to 

hypoxic conditions. Surprisingly, sap flux in the upland trees also declined during the 

flood pulse. Likely, the sensitivity of these trees to both atmospheric dryness and soil 

saturation explains this trend.  

VPD is known to be a strong driver of sap flow (Ewers et al., 2002; Bovard et al., 

2005; Adelman et al., 2008), especially when soil moisture is not limited (Oren and Pataki, 

2001). Consequently, in the spring, we observed an increase in Js with VPD in both the 

plots, with the relationship being almost equally strong. However, in the summer, with 

increasingly dry conditions, trees in the upland plot stopped responding to VPD, which 

possibly indicates stomatal closure to prevent excessive water loss. In the summer, slough 

trees had a weaker response to VPD than in spring. Such reductions in Js could be due to 

the adaptation of these trees to prolonged saturated soil conditions, which results in 

reduced stomatal conductance in response to small decline in soil moisture. Decline in Js 

in response to slightly reduced soil water reserves has been observed in old-growth 

temperate forests (Hölscher et al., 2005) but the relationship is largely unexplored in 

wetland forests.  

Water-use strategy by the invasive Chinese tallow 

Invasive species are usually known to aggressively outcompete native vegetation 

for water (Cavaleri and Sack, 2010). Chinese tallow is known to be extremely flood 

tolerant (Jones and Sharitz, 1990; Gabler and Siemann, 2013); therefore, we had 

hypothesized that tallows that occur in the slough at our study site will consistently have 

higher Js than the native wetland species. However, despite having a larger sapwood area 
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to basal area ratio, tallow sap flux rates were marginally lower than the native species. It 

should also be noted that most invasive tallow trees in this patch were younger and smaller 

in size (7% of total basal area) as compared to the native trees. This relative size difference 

may explain lower Js and water-use in tallows, but the potential for water use to surpass 

that of natives when tallow trees grow to maturity remains uncertain. Additionally, tallows 

grow densely in wetland forests and riparian zones, constituting nearly half of the stand 

density, relative frequency and basal area in some regions (Jubinsky, 1995). Therefore, as 

their abundance and basal area increases, tallow invasion may hold the potential to alter 

water balance in this region by significantly increasing the amount of transpired water in 

these already drying wetlands (Dahl and Allford, 1996). Tallow water-use declined more 

sharply in the summer than native species, indicating lower drought tolerance. This study 

provides the first estimates of Chinese tallow sap flux rates relative to native wetland trees. 

 

Conclusion 

This study provides a better understanding of the variability in plant water-use 

response to climatic as well as edaphic drying and wetting. Intermittent flooding in 

wetland forests is critical for ecosystem functioning; however, anthropogenic pressure and 

hydroclimatic changes are leading to severe alterations to the hydrology of these 

ecosystems, eventually resulting in shrinking habitats and drying of wetlands. Columbia 

Bottomlands represent the state of such disturbed wetlands across the southeastern United 

States. Our results provide evidence that intermittent flooding and waterlogging can put 

vegetation under short-term stress caused by hypoxic conditions, resulting in a lower 
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water-use when trees are flooded. The timing of this waterlogging is important as sap flux 

rates recover when flooding recedes. Although upland trees don’t undergo this stress, they 

experience substantial drought-like stress in the summer as conditions get drier. The 

magnitude of flood pulses is critical, although VPD emerges as the dominant driver of sap 

flow. Lastly, we provide novel evidence that the invasive Chinese tallow tree could be a 

moderately conservative water-user as compared to native wetland species, although this 

may only be the case for smaller tree-sizes and lower density stands. The potential for this 

invasive species to alter the transpiration component in the water balance in wetland 

forests deserves further study. Our estimates can help understand plant-water relations 

better in this dynamic system and aid management and conservation decisions under 

changing hydroclimatic conditions and species invasions. 
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CHAPTER IV  

NITROGEN CYCLING AND RETENTION IN A BOTTOMLAND HARDWOOD 

FOREST WITH ELEVATED N DEPOSITION 

 

Synopsis 

N deposition is a major concern in ecosystems across the globe, with potential 

impacts on biodiversity, primary production, and biogeochemical processes. Despite some 

progress in reducing N deposition in the US, many areas still receive high levels of 

deposition from anthropogenic sources. Bottomland hardwood forests (BHFs) along the 

Texas Gulf coast occur in close proximity to reactive N (Nr) emission sources such as 

petroleum refineries and croplands. We quantified total N deposition of nitrate and 

ammonium using ion exchange resin collectors, and soil and plant N pools and their δ15N 

values to assess the effect of deposition from a refinery and other non-point sources on N 

cycling and retention in a BHF. We aimed to: (i) estimate the amount and chemical 

composition of atmospheric inorganic-N deposition at 3 sites increasingly distant from the 

refinery, (ii) investigate the historic trend of plant N uptake in response to 8 decades of 

elevated deposition using tree-ring N concentration and δ15N values, and (iii) understand 

the underlying processes by which N is partitioned through this ecosystem by comparing 

δ15N values of deposition, plant tissues, and soils. Overall, wet N deposition across the 

landscape was 3.2–3.6 times higher than the national average, highest near the refinery, 

and dominated by NH4
+-N. The higher proportion of NH4

+-N in deposition was strongly 

reflected in the soil inorganic N pool. Soil δ15N values were affected by NH4
+-N 
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concentration, suggesting the control of NH4
+-N deposition over soil N cycling. Tree ring 

δ15N values were distinctly lower in trees closest to the refinery, indicative of an 

anthropogenic source. Tree-ring N concentration and basal area increment trends were 

strongly correlated and both measurements increased dramatically with increase in 

refinery emissions, suggesting a fertilizing effect due to N deposition. Despite exposure 

to anthropogenic N deposition for several decades, trees in this region did not show signs 

of N saturation such as a decline in N absorption or growth over time, indicating N 

retention capacity of these BHFs. Although long-term input and uptake of inorganic N can 

accelerate N losses from the system and deteriorate environmental conditions, results 

suggest that these BHFs are currently strong sinks for Nr that remove large quantities of 

anthropogenic N emissions. 

 

Introduction 

Deposition of inorganic N from anthropogenic sources increases the input of 

reactive N in an ecosystem in addition to N fixation, which is the primary process through 

which atmospheric N2 gets assimilated in ecosystems. Atmospheric deposition of N is a 

rising concern in the US, China, Brazil, India and Greece among others (Decina et al., 

2020). Currently, about 94 Tg yr-1 inorganic N is deposited on terrestrial ecosystems 

(Ackerman et al., 2019), of which 60% is of anthropogenic origin (Kanakidou et al., 2016), 

which is estimated to be at least three times as compared to the pre-industrial era (Holland 

et al., 1999; Galloway et al., 2004; Fowler et al., 2013). Atmospheric N contains reactive 

compounds such as NHx (NH3 + NH4
+), NOy (NOx + NOz) and soluble and insoluble 



 

70 

 

organic N. However, the most commonly found compounds in anthropogenic N 

deposition are NO3
-, HNO3, NH3 and NH4

+ (Galloway et al., 2004). While the chemical 

composition of anthropogenic N deposition varies spatially by a large extent, it depends 

on the source such as agricultural activities, vehicular emissions, petrochemical refineries, 

coal-based power plants, etc. (Holland et al., 2005; Paulot et al., 2013; Du et al., 2014). 

Over much of the 20th century, oxidized N compounds were the dominant form of N 

deposition (Galloway et al., 2004; Kanakidou et al., 2016; Li et al., 2016). Therefore, the 

majority of our knowledge and understanding of ecosystem response to N deposition is 

based on how excessive oxidized N compounds get cycled through ecosystems. Using an 

atmospheric chemistry-transport model, Kanakidou et al. (2016) predicted that future 

amounts of oxidized N compounds in deposition will decrease relative to 20th century 

trends, but will be offset by an increase in deposition of reduced N compounds. This shift 

is already being observed in field measurements as Du et al. (2014) and Li et al. (2016) 

estimated the contribution of reduced N in deposition to be 60-65%. With reduced N 

compounds expected to dominate the composition of N deposition, a significant 

knowledge gap exists on the understanding of ecosystem response to this changing 

chemical composition of N deposition.  

Natural ecosystems, especially forests, are known to retain N from atmospheric 

deposition and act as sinks for excessive anthropogenic N pollution (Nowak et al., 2006; 

Mayer et al., 2007). Forests can act as filters to combat N pollution through retention in 

soils as well as plants. Forest soils can rapidly transform N compounds into forms 

available for plant uptake or immobilize significant amounts of N depending on existing 
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nutrient and climatic conditions, while vegetation can absorb and metabolize inorganic 

and dissolved organic N (DON) through both root and foliar uptake. The most proven 

examples of air pollution removal by natural ecosystems originate from urban and riparian 

forests. Urban forest remnants have been documented to remove N air pollution removal 

across the globe (Nowak et al., 2006; Yin et al., 2011; Rao et al., 2014; García-Gómez et 

al., 2016). In these fragmented forest patches, two major mechanisms have been observed 

to effectively remove N-pollution from mainly dry deposition: interception of N 

deposition on canopy surfaces and stomatal absorption of gases such as NO and NO2 

(Smith, 1990; Nowak, 1994; Beckett et al., 1998). Peri-urban forests that occur in the 

transition zones between urban and rural areas receive larger proportions of N deposition 

from urban as well rural sources (mainly agriculture) and have been found to be even more 

effective sinks of excessive atmospheric N (García-Gómez et al., 2016). Riparian forests, 

on the other hand, remove N pollutants via different mechanisms such as retention in soils 

and plant uptake through roots, which enables them to retain dry as well as wet N 

deposition (Lowrance et al., 1997; Verhoeven et al., 2006; Mayer et al., 2007). Riparian 

buffers are also known to effectively trap N compounds (mainly NO3
-) from run-off and 

leachate while acting as filters for vital water sources such as rivers, streams and 

groundwater (Lowrance, 1992; Haycock and Burt, 1993; Lowrance et al., 2000; 2005). 

Therefore, riparian forests located in exurban or peri-urban areas have an even greater 

potential of removing large quantities of N pollution through a combination of retention 

mechanisms.   
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Although N compounds such as NH4
+, NO3

- and DON are readily absorbed by 

vegetation (Chapin et al., 2002) and utilized to increase primary productivity as a result of 

a fertilizing effect (Thomas et al., 2010; De Vries et al., 2014), excessive amounts can 

cause nutrient imbalance in plants as well as soils (Aber et al., 1989; De Vries et al., 2006). 

Under initial low N conditions, deposition of most reactive N compounds has positive 

impacts on forest ecosystems, such as increase in plant growth and soil microbial biomass 

and activity (Aber et al., 1989; 1998). However, excessive amounts can alter species 

composition (Stevens et al., 2004; Bobbink et al., 2010), disrupt microbial functioning and 

reduce mineralization and nitrification rates (Lovett and Rueth, 1999; Carreiro et al., 2000; 

Frey et al., 2004), increase N loss through leaching (Fang et al., 2009; Gundersen et al., 

2011), runoff and denitrification (Gundersen et al., 1998; Fenn et al., 2003a; van 

Groenigen et al., 2015), cause soil acidification (Wallace et al., 2007), eutrophication 

(Bouwman et al., 2002; Rhodes et al., 2017) and eventually lead to plant mortality in 

extreme cases (Aber et al., 1998; Magill et al., 2000; Lovett and Goodale, 2011). 

 The natural isotopic composition of N in soils and plant tissues can provide 

insights regarding their roles in the N cycle. The heavier stable isotope, 15N, which makes 

up less than 0.4% of naturally occurring N, is usually discriminated against when N gets 

transformed from one form to another (Craine et al., 2015; Denk et al., 2017; Chalk et al., 

2019). Isotopically lighter N is more readily fixed and mineralized by microbes, absorbed 

by plants, dissolved in water and is easily lost in the form of leaching and gaseous 

emissions (Chapin et al., 2012). This preferential transformation of isotopically lighter N 

is called fractionation. Therefore, the ratio of 15N/14N (denoted as δ15N with respect to 
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atmospheric N2) in soil profiles and plant tissues indicates the rate at which N is retained, 

cycled and lost from the system (Högberg, 1997). 

In forest ecosystems, isotopic fractionation of N occurs through three major 

pathways simultaneously in soils, roots, plants and at the soil-water interface (Robinson, 

2001; Kolb and Evans, 2002; Bustamante et al., 2004; Craine et al., 2015): denitrification, 

nitrification, and transfer during mycorrhizal absorption. Denitrification causes the highest 

fractionation of N is during gaseous N loss to the atmosphere in the form of NO, N2O and 

N2 but also as a by-product of nitrification (Houlton et al., 2006). Nitrification occurs when 

NH4
+ is oxidized to NO2

- and subsequently NO3
-. As a result, NO3

- formed at the end of 

this process has a substantially lower δ15N and the δ15N signature of residual NH4
+ gets 

heavier in the soil (Högberg, 1997; Spoelstra et al., 2007). Both of these pathways are 

microbially driven. Therefore, conditions that favor microbial activity such as higher soil 

moisture and temperature, accelerate N fractionation in soil (Handley et al., 1999; 

Martinelli et al., 1999; Amundson et al., 2003; Bai et al., 2012). The third major 

fractionation pathway is the transfer of N from mycorrhizal fungi to plant roots, during 

which fungi transport isotopically lighter N to the roots (Craine et al., 2009; Hobbie and 

Högberg, 2012). Additionally, fixation, preferential uptake of NH4
+, leaching, and runoff 

are known to influence fractionation to varying degrees in some ecosystems (Yoneyama 

et al., 1991; Pennock et al., 1996; Yoneyama et al., 2001; Sra et al., 2004; Craine et al., 

2015). 

 Tree-rings indicate past annual or sub-annual incremental tree growth rates, and 

their isotopic composition provides a retrospective insight on past nutrient cycling rates in 
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the ecosystem. By analyzing δ15N values of precisely dated tree-rings, the N status of an 

ecosystem can be tracked through time and future trends can be predicted. Studying tree-

ring δ15N provides a wide spatial coverage over a long temporal scale and this isotopic 

signal is a direct indication of plant N uptake and soil N status (Gerhart and McLauchlan, 

2014). Tree-ring δ15N chronologies can also be compared to past climatic conditions such 

as precipitation and temperature and proximal anthropogenic drivers like fertilizer 

application, vehicular emissions, emissions from refineries and power plants, non-point 

pollution sources, etc. However, δ15N signatures of N emissions from these sources are 

not consistent and can vary significantly (>20 ‰) (Savard et al., 2017). Dry and wet 

deposition also have varying δ15N values as atmospheric reactions of N with water and 

water vapor modify the isotopic composition of deposited N (Heaton et al., 1997; Elliott 

et al., 2009; Mara et al., 2009). Therefore, deposited and tree-ring N can sometimes have 

a significantly different δ15N value relative to the pollution source. Usually, tree-ring δ15N 

values range from -8 to 4 ‰, but in forests affected by anthropogenic N deposition, they 

have been found to range from -13 to 13 ‰ (Gerhart and McLauchlan, 2014).  

Over the last two decades, numerous studies have been conducted to investigate 

the effect of reactive N pollution on forest ecosystems using tree-ring δ15N (Saurer et al., 

2004; Battipaglia et al., 2009; Guerrieri et al., 2009; Sun et al., 2010; Leonelli et al., 2012; 

Jung et al., 2013). The most pioneering study was conducted by Saurer et al. (2004) in 

which NOx from vehicular emissions were detected for the first time in tree-rings and a 

mixing model was used to calculate the δ15N of deposited reactive N using soil and tree-

ring δ15N. Theoretically, in trees growing under the long-term effect of continual pollution, 
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tree-ring δ15N is expected to indicate a consistent increase or decrease over time, 

depending on the chemical nature of the pollutants. However, this does not hold true in 

practice as tree-ring δ15N studies focused on inferring pollution effects on forest N cycling 

have observed varying trends. Saurer et al. (2004) observed an increase in tree-ring δ15N 

in response to vehicular emissions and Guerrieri et al. (2009) also observed an increase in 

response to emissions from a petroleum refinery. Contrastingly, tree-ring δ15N 

chronologies indicated a decreasing trend under the effect of vehicular pollution (Leonelli 

et al., 2012) and ceramic industries (Sun et al., 2010), while emissions from vehicles 

(Battipaglia et al., 2009) and oil sands mining (Jung et al., 2013) had no effect on tree-ring 

δ15N.   

 In this study, we used plant and soil δ15N along with deposition measurements to 

understand the effect of excessive anthropogenic N deposition on the N status of a 

bottomland hardwood forest in Texas, USA. Our objectives were to (i) estimate the 

amount of atmospheric N deposition at three sites at increasing distances from a point 

source (petroleum refinery) and assess the chemical and isotopic composition of deposited 

N, (ii) investigate the historic trend of N cycling in the forest under the effect of eight 

decades of anthropogenic N deposition using tree-ring δ15N and N concentration 

chronologies, and (iii) understand the underlying processes by which N is fractionated 

through this ecosystem by comparing deposition, wood, leaf, litter and soil δ15N. We 

hypothesized that the amount of N deposition will be subsequently lower at sites farther 

from the refinery. Isotopically depleted NH4
+-N was expected to be the major component 

of N deposition owing to the large NH3 gas emissions from the refinery. As continual 
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long-term N deposition increases the amount of inorganic N in an ecosystem, which in 

turn accelerates soil N cycling and plant N uptake rates, we hypothesized that the tree-ring 

δ15N chronologies will show a declining trend over time, however, the decline will be 

steeper at the site closest to the refinery. Tree-ring N concentration and basal area 

increment (BAI) were expected to increase over a few decades of deposition as initial low 

N conditions promote plant N uptake and growth but a flatter trend was expected later in 

the chronology as the forest would approach N saturation due to excessive inputs. We 

hypothesized that plant δ15N will be lower as compared to soil δ15N due to fractionation 

during uptake but expected the difference in plant and soil δ15N to be higher at the site 

closest to the refinery. As soil moisture drives microbial N transformation, soil water 

content was expected to increase soil δ15N values due to the loss of isotopically lighter N 

caused by nitrification and denitrification. Lastly, we expected foliar δ15N to be slightly 

depleted as compared to wood δ15N as has been documented previously (Pardo et al., 

2013). 

 

Methods 

Study area 

Columbia bottomland hardwood forests are a part of the San Bernard National 

Wildlife Refuge, Texas, USA. The refuge spans over Brazoria, Matagorda and Fort Bend 

counties on the Gulf coast of Texas, about 40 km southwest of the Houston Metropolitan 

Area. The 54,000-acre refuge extends 150 km from the coast to inland as the habitat 

transitions from salt water marshes to freshwater marshes and eventually into mixed 
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bottomland hardwood forests. This floodplain ecosystem is formed as the Colorado, San 

Bernard and Brazos Rivers flow into the Gulf of Mexico. The bottomland hardwood 

forests mainly occur along these rivers and their smaller streams and bayous. The climate 

is humid subtropical (Koppen, 1900) and the region receives a mean annual rainfall of 

1143 mm, with an average relative humidity of ~70% and the mean temperature is 

approximately 20 °C (NOAA, 2018a). 

 The study was conducted at three sites located within the Columbia bottomlands. 

The sites are situated along a 25-km transect in the downwind direction (northwest) of the 

Phillips 66 Sweeny Refinery, which is the 18th largest petroleum refinery in the US and 

among the top 100 largest refineries in the world (OGJ, 2019). Established in 1942, the 

refinery processes about 256,000 barrels of crude oil per day  and emits about 16,300 kg 

of ammonia annually (USEPA, 2020). The sites, namely Dance Bayou (DB), Big Pond 

(BP) and Buffalo Creek (BC) are located at distances of 5, 13 and 29 km from the refinery, 

respectively. Due to topographical differences and proximity to a major stream, site DB 

floods more frequently as compared to BP and BC. Soils in this region are mainly vertisols 

and alfisols dominated by clay, loam and sandy loam texture. The soils series include Aris 

fine sandy loam, Bacliff clay, Edna loam, Leton loam, Pledger Clay and Churnabog clay 

(NRCS, 2020). The most dominant vegetation in these forests include Quercus nigra L. 

(water oak), Quercus virginiana Mill. (live oak), Celtis laevigata Willd. (sugarberry) and 

Triadica sebifera (L.) Small (Chinese tallow) which account for 32%, 15%, 15% and 12% 

of the basal area, respectively (Cross et al., in preparation).   
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Nitrogen deposition 

 Total deposition of NH4
+-N and NO3

--N was measured using ion exchange resin 

(IER) columns (Fenn and Poth, 2004). Four IER columns were installed at each of the 

three sites on September 12, 2018 and replaced on March 20, 2019. The columns were 

installed in pairs with one column placed under the canopy and another one in the nearest 

clearing to capture throughfall and bulk deposition, respectively. Two pairs of columns (a 

total of 4 columns) were installed at each site to capture spatial variability. The column 

pairs were installed at a distance of at least 400 m from each other and were used as 

sampling locations for tree cores, leaf tissue, litter and soil. The IER columns were 

prepared by filling a 36 cm long and 1.27 cm diameter PVC tube with 35 g Amberlite 

IRN150 mixed-bed IER, which is a mixture of Amberlite IRN77 cation exchange resin 

and IRN78 anion exchange resin. Every PVC tube was sealed with polyester fiber on both 

ends, a drain cap was fitted at the bottom as an outlet for rainwater and a 10 cm diameter 

funnel was attached at the top to capture precipitation. The columns were exposed for six 

months and replaced once over a one-year period (November 2018-2019). After the 

exposure, the columns were extracted to recover NH4
+-N and NO3

--N using 400 ml 2M 

KCl solution. NO3
--N concentrations were estimated using the Cd reduction method at 543 

nm (American Society for Testing Materials, 1987) and NH4
+-N concentrations were 

estimated using the phenate method at 640 nm (Parsons et al., 1984). Total deposition of 

NO3
--N and NH4

+-N per land area (kg/ha) as bulk deposition and throughfall were 

calculated by determining the amount of each ion collected in a column and the surface 

area of the funnel opening. The amount of N deposition intercepted by the canopy was 
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calculated as the difference between the amount of bulk deposition and throughfall. Site-

level measurements were obtained by averaging deposition captured by multiple columns 

at each site. 

Tree core sampling, δ15N and N concentration analyses 

 Six Q. nigra trees were sampled at each site in October-November 2019. Healthy, 

mature individuals with no obvious injuries like cavities, scars or diseases were selected. 

Preference was given to trees with larger diameters at breast height (>40 cm) and uniform 

girth (Stokes and Smiley, 1968). We ensured that each core reached the pith of the tree. 

Dendrochronological analysis of these trees including dating, ring-width measurement 

and δ13C estimation was already conducted during a previous study (Deshpande et al., 

2020), and we sampled the same trees for δ15N analysis. The inside-out method (Biondi, 

1999) from the dplR dendrochronology program library in R (Bunn et al., 2020) was used 

to calculate basal area increment (BAI) from raw ring-width measurements from each tree 

(Deshpande et al., 2020) and site-level mean BAI was calculated. For tree-ring δ15N and 

N concentration measurements, the cores were dried to constant weight at 60 oC and hand-

sanded using a sandpaper (220 grit) to enhance ring-visibility. After visually crossdating 

each core, two-year ring composites were extracted from the outermost ring (2019) up to 

the pith. Each sample was ground and tree-ring δ15N and N concentration was analyzed 

using a Costech ECS 4010 elemental analyzer (Costech Analytical Technologies, 

Valencia, CA, USA) interfaced with a Delta V Advantage isotope ratio mass spectrometer 

(Delta V, ThermoFisher Scientific, Waltham, MA, USA) operating in continuous flow 

mode in the Stable Isotopes for Biosphere Science (SIBS) Lab, Texas A&M University 
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(College Station, TX, USA). Tree-ring δ15N was expressed in δ notation using the 

following equation: 

δ15N (‰) = [
𝑅𝑆𝐴𝑀𝑃𝐿𝐸−𝑅𝑆𝑇𝐷

𝑅𝑆𝑇𝐷
] ∗ 103              (4) 

Where, RSAMPLE is the 15N/14N ratio of the tree-ring sample and RSTD is the 15N/14N ratio of 

the standard (atmospheric N2) (Mariotti, 1983).  

Leaf and litter sampling and δ15N analyses  

 Leaf and litter samples were collected on October 26, 2019 from two sampling 

locations at each site from within a 10 m radius around the IER column pairs. At each 

location, four leaf samples from Q. nigra trees each weighing at least 200 g were collected 

from a height of 3-3.5 m using a pole pruner. Similar amount of eight pooled litter samples 

(bottomland oak species) were collected from under the same trees. All eight leaf and litter 

samples from each site were dried to constant weight at 60 oC and pulverized using a ball 

mill (Retsch Oscillating Mixer Mill MM400). δ15N and N concentration were measured 

on these samples was conducted using the same procedure mentioned above.  

Soil sampling 

 From each sampling location, four 50 cm deep soil cores were extracted on 

October 26, 2019 and sub-divided into five depth increments (0-10, 10-20, 20-30, 30-40 

and 40-50 cm). Of the eight soil cores collected from each site, four cores were dried at 

60 oC and used for δ15N analysis, while the remaining four cores were used for NH4
+-N 

and NO3
--N estimation.  
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Soil δ15N, N concentration, NH4
+-N/NO3

--N estimation  

 Half of the total soil cores collected were dried, passed through a 2 mm sieve to 

remove coarse organic matter and were used for δ15N and N concentration analysis 

conducted using the same procedure mentioned above. The other half were kept field 

moist and inorganic-N was extracted from each incremental sample within 36 hours of 

sampling. Inorganic-N was extracted by shaking 15 g of soil sample with 50 ml 2M KCl 

for 1 hour. The solution was then filtered over pre-leached (2M KCl) #40 Whatman filter 

paper. The extractant was used to estimate NO3
--N concentrations using the Cd reduction 

method at 543 nm (American Society for Testing Materials, 1987) and NH4
+-N 

concentrations were estimated using the phenate method at 640 nm (Parsons et al., 1984). 

δ15N of deposited N 

 A two-end member isotopic mixing model proposed by Saurer et al. (2004) was 

used to estimate the δ15N value of deposited N at the three sites. In this mixing model, 

δ15N value of deposited N is calculated using δ15N values of tree-rings and soil. We used 

soil δ15N values from all depth increments to get a range of δ15N values of deposited N. 

The model assumes that tree-ring δ15N is a reflection of two sources: background N from 

soil and N from deposition. The model is represented as: 

δ15Ntree−ring = (δ15Nbackground − δ15Nemission)Ntree−ringNbackground + δ15Nemission      (5) 

where, δ15Ntree-ring = δ15N value of tree-ring from the corresponding year; δ15Nbackground = 

soil δ15N value; δ15Nemission = δ15N value of deposited N; Ntree-ring = N concentration in tree-

ring; Nbackground = N concentration in soil. 
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Statistical analyses 

 To evaluate differences in mean tree-ring δ15N values between sites, we used one-

way ANOVA. Levene’s test was used to check for equal variances, normality was tested 

using Shapiro-Wilk test and post-hoc analysis was conducted using Tukey HSD. We used 

the same statistical approach to differences in mean δ15N values of soil, wood, leaves and 

litter samples from 2019. δ15N values were separated site-wise during this analysis.  

Results 

Nitrogen deposition 

Total deposition of inorganic-N was marginally higher (~11%) at the site closest 

to the refinery as compared to the other two sites, but overall, 3.5 times higher than the 

national average. Total inorganic-N deposition at the closest site, DB, was 12.8 ± 0.02 

kg/ha/yr, while 11.5 ± 0.4 kg/ha/yr and 11.4 ± 0.5 kg/ha/yr inorganic-N deposition was 

recorded at sites BP and BC, respectively (Fig. 17). NH4
+-N was the major form of 

inorganic-N in deposition, irrespective of distance from the refinery. Total inorganic-N 

deposition composed of 87% NH4
+-N at site DB and 95% at BP and BC. The modeled 

δ15N signature of N in total deposition increased with distance from the refinery. Site DB 

had the lightest total deposition δ15N signature (mean 2.01 ± 1.5 ‰), while sites BP (mean 

3.56 ± 0.29 ‰) and BC (mean 5.51 ± 0.31 ‰) had higher δ15N values (Fig. 17). Canopy 

interception of deposited N varied from 48–68% across sites, and NH4
+-N and NO3

--N 

were intercepted in similar proportions (~50% each). 
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Figure 17. Total deposition of inorganic-N (NH4
+-N and NO3

--N) (kg/ha) at the 

three sites. Shaded bars indicate the amount of NH4
+-N and NO3

--N intercepted by 

the canopy and the amount reaching the forest floor via throughfall. Black line 

represents the mean modeled δ15N of deposited N using the isotopic mixing model. 

Error bars on the black line represent the variation in modeled δ15N of deposited N 

caused by varying δ15N values and N concentration in tree-rings and soil depth 

intervals.  

 

Soil N concentration, NH4
+-N, NO3

--N  and δ15N 

The concentration of soil NH4
+-N with respect to NO3

--N was about five times 

greater at all the three sites. Average concentrations of NH4
+-N and NO3

--N were similar 

across the three sites (Fig. 18). Across all the three sites, soil δ15N values were lower in 

the top 10 cm soil, ranging from 4.5–6.3 ‰ (Fig. 19 a,b,c). Beyond 10 cm, δ15N values 

increased by about 2–2.5 ‰ and remained consistent up to 50 cm depth within an average 

range of 6.8–7.9 ‰. N concentration had an opposite trend as N concentrations were 

highest in the top 10 cm soil (2-3 g N/kg soil) and decreased beyond 10 cm, while 

remaining constant up to 50 cm depth (Fig. 19 a,b,c). Soil NH4
+-N and NO3

--N 

DB 

BP BC 

Modeled deposition δ15N 
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concentrations had similar declining trends with depth, except at site BC, where NO3
--N 

remained constant throughout the 50 cm soil profile (Fig. 19 d,e,f).   

 

Figure 18. Average concentration of NH4
+-N and NO3

--N (mg N/kg soil) in soils at 

the three sites represented as their respective distances from the refinery (DB: 5 

km, BP: 13 km, BC: 29 km). Tukey HSD is denoted with letters, and standard error 

bars indicate categories with significance differences, as indicated by ANOVA 

(p<0.05). 
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Figure 19. Soil δ15N values (‰) and total N concentration (g N/kg soil) across the 

top 50 cm soil profile at the three sites DB (a), BP (b) and BC (c). Soil NH4
+-N and 

NO3
--N concentration (mg N/kg soil) across the top 50 cm soil profile at the three 

sites DB (d), BP (e) and BC (f). 

 

Comparing deposition, soil and vegetation δ15N 

Mean δ15N values of the top 10 cm soil were on an average 2.1 ‰ lower as 

compared to the next 40 cm at all three sites (p<0.01). 0-10 cm and 10-40 cm soil δ15N 

values were similar between sites, irrespective of their distance from the refinery (p>0.05) 

(Fig. 20). 0-10 cm soil δ15N values were closer to wood, leaf and litter δ15N relative to the 

deeper soil. Wood δ15N values (from 2019 tree-rings) increased and became less variable 

with increasing distance from the refinery (p<0.05). Wood δ15N values from DB were 

lower and more variable (mean 2.2 ± 1.43 ‰), while they were higher at site BP (mean 
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3.73 ± 0.27 ‰) as compared to DB, and tree-rings at site BC had the highest δ15N values 

(mean 5.54 ± 0.18 ‰). As soil δ15N values were similar across all three sites, fractionation 

between soil and wood decreased from DB (mean 4.6 ± 2.95 ‰; p<0.001) to BP (mean 

3.05 ± 2.28 ‰; p<0.01) to BC (mean 0.97 ± 2.96 ‰; p>0.05). Leaf and litter δ15N 

increased with distance from the refinery. Also, at each site, δ15N values of leaves were 

similar to those of litter (p>0.05) (Fig. 20). Mean difference between leaf and litter δ15N 

was 0.2 ‰ at DB and BC, and 0.3 ‰ at BP. Foliar δ15N values represented wood δ15N at 

site DB (mean difference 0.7 ‰; p>0.05), but wood δ15N at sites BP (mean difference 1.7 

‰; p>0.05) and BC (mean difference 2.4 ‰; p<0.05) were heavier as compared to foliar 

δ15N (Fig. 20). Overall, wood, leaf and litter δ15N followed an increasing trend similar to 

that of modeled δ15N of deposition with increasing distance from the refinery. 

Figure 20. δ15N values (‰) of deposition (modeled), soil (0-10 and 10-50 cm), wood, 

leaves and litter sampled in November 2019. Tree-rings corresponding to 2019 were 

analyzed to obtain wood δ15N. Black diamonds indicate mean values, horizontal 

black lines indicate median values and grey boxes show values lying between the 

upper and lower quartiles. 
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Tree-ring N concentration and δ15N values 

 Annual air emission records of ammonia gas from the refinery were available from 

1994-present (USEPA, 2020). Until 1999, ammonia was emitted only as fugitive air 

(gaseous emissions from equipment due to leaks and other unintended or irregular 

releases) at a rate of 4500 kg NH3/year. Between 2000-2005, no air emissions of ammonia 

were recorded from the refinery, however, starting 2006, ammonia is being emitted 

through stack release (from smoke stacks) with a rapid increase in annual emissions, 

currently measuring at 16,300 kg NH3/year. Tree-ring N concentration over the study 

period did not vary among sites, but a steep increase in tree-ring N concentration was 

observed at all three sites beginning approximately around 2006 (Fig. 21a), which 

coincides with the onset of stack emission of ammonia gas from the refinery. This abruptly 

increasing trend in tree-ring N concentration could be an indication of deposition and 

subsequent plant uptake of reactive N originating from the refinery. Moreover, tree-ring 

N concentration values from the two sites closer to the refinery were also positively 

correlated with annual refinery NH3 emissions (DB: p<0.05, R2=0.31; BP: p<0.01, 

R2=0.49) (Fig. 21b). Site-level BAI increased over time with a trend similar to tree-ring N 

concentration (Fig. 21a). BAI and tree-ring N concentration were strongly correlated at all 

three sites (DB: p<0.0001, R2=0.92; BP: p<0.0001, R2=0.88; BC: p<0.0001, R2=0.76) (Fig 

21c). For each 5000 mm2 increase in BAI, tree-ring N concentration increased by 0.8 g 

N/kg at DB, 1.5 g N/kg at BP and 1.8 g N/kg at BC. 
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Figure 21. a) Tree-ring N concentration and BAI chronologies from the three sites 

from 1948-2019. b) Relationship between tree-ring N concentration and ammonia 

emission from the refinery (kg yr-1) and c) Relationship between tree-ring N 

concentration and annual BAI (mm2) (α = 0.05). Regression lines are shown only 

for statistically significant relationships. 

 Tree-ring δ15N values ranged from -5.1 to 3.4 ‰ at site DB, -5.6 to 4.8 ‰ at site 

BP and -3.8 to 5.5 ‰ at site BC (Fig. 22a). Overall, at the site farthest from the refinery 

(BC), the trend in tree-ring δ15N indicated gradual enrichment over time (assimilation of 

isotopically heavier N). Because sampled trees at site DB were younger as compared to 

the more mature stands at sites BP and BC (mean tree ages of 37, 52, and 55 years, 

respectively), shorter tree-ring δ15N and N concentration chronologies at site DB limited 

our ability to confirm temporal changes in enrichment at that site. During the period when 

(b) (c) 

(a) 
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no ammonia emissions were recorded from the refinery (2000-05), tree-ring δ15N from the 

site closest to the refinery increased from -4 ‰ to 2.9 ‰ on an average and then declined 

again to 4.2 ‰ with the resumption in emissions (Fig. 22b). However, tree-ring δ15N and 

N concentration were positively correlated at only the farthest site from the refinery 

(p<0.001; R2 = 0.36), while no correlation was observed at sites DB and BP. BAI had no 

correlation with tree- ring δ15N values at any of the sites. 

 

Figure 22. a) Tree-ring δ15N chronology from the three sites from 1948-2019 and b) 

Variation in tree-ring δ15N values (‰) from 1994-2008 in response to the 

fluctuation in ammonia emission from the refinery (kg yr-1). Grey bars indicate 

total annual ammonia emission from the refinery. 

(a) 

(b) 
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Comparison between site-level mean tree-ring δ15N values averaged over the 41-

year period that covers all three chronologies indicates a significant difference between 

the three sites [One-way ANOVA, F (2, 60) = 14.76, p < 0.0001]. Post hoc analysis 

indicates that the site closest to the refinery (DB) had a lower mean tree-ring δ15N value 

as compared to the other two sites BP (p <0.01) and BC (p < 0.0001) (Fig. 23). 

Figure 23. One-way ANOVA and Tukey post hoc analysis (denoted with letters) for 

mean difference in site-level tree-ring δ15N (‰) averaged over the 41-year period 

covering all three chronologies. Black diamonds indicate mean values, horizontal 

black lines indicate median values, black circles indicate outliers and grey boxes 

show values lying between the upper and lower quartiles. 

 

Discussion 

Our estimates of total inorganic-N deposition in an industrialized region near 

Houston, TX indicate deposition rates ~3.5 times higher as compared to the national 

average (Du et al., 2014), and even well above that of the Midwest where fertilizer is the 

main anthropogenic source. Our measured deposition rates are in good agreement with 

total deposition estimated by (Zhang et al., 2012) and (Schwede and Lear, 2014) for this 

region in their continental-scale studies. However, total N deposition estimated in these 

studies not only include inorganic-N, but also other forms such as organic and gaseous-N. 

a b 

b 
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This suggests that in ecosystems located in close proximity of pollution sources, the actual 

in situ deposition rates can be significantly higher than estimates from atmospheric 

transport models, satellite measurements and spatial interpolations from scattered 

monitoring sites. It is evident that wetland forests along the Brazos-Colorado River Basin 

experience elevated N deposition capable of perturbing the regional N cycle. Such 

elevated levels of deposition have been observed, but only in downwind areas in very 

close proximity to emission sources such as transportation, agriculture, and industry (Fenn 

et al., 2003b). Although our sites are located downwind from a major petroleum refinery, 

the distances from this point-source are considerable (~30 km). Additionally, since we did 

not observe a substantial decline in deposition at sites farther from the refinery, it is 

possible that the origin of the deposited inorganic N could be a combination of emissions 

from the refinery and other non-point sources. This suggests that the entire landscape is 

prone to elevated levels of N deposition on a larger spatial scale. In recent times, 60-65% 

of N deposition in the US has been estimated to be in the form of NH4
+-N (Du et al., 2014; 

Li et al., 2016), but about 91% of inorganic N deposited in our study area was NH4
+-N. 

This trend is concerning, since excessive concentrations of NH4
+-N can eventually be toxic 

due to pH imbalance and anion/cation imbalance (Raven and Smith, 1976; Chaillou and 

Lamaze, 2001; Britto and Kronzucker, 2002; Miller and Cramer, 2005). Moreover, N 

emissions are not currently regulated under the National Ambient Air Quality Standards 

(NAAQS) in the US. 

 Observed δ15N values provided useful insights into the nature, source and possible 

fate of deposited N in the Columbia bottomlands. However, due to the reactive nature of 
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N species, different emission sources can have highly variable δ15N values, which can 

further get modified due to atmospheric reactions. δ15N values of NHx usually indicate a 

relatively lighter isotopic signal of NH3 gas (-31 to -15 ‰), while heavier δ15N of NH4
+-

N (-12 to 17 ‰), with particulate NH4
+-N being heavier than NH4

+-N in wet deposition 

(Savard et al., 2017). Our modeled δ15N values of deposited N range from 2.0 to 5.5 ‰ 

(increasing with distance from the refinery), which indicate possible mixing of NHx from 

different sources. Relatively heavier δ15N suggests a lower proportion of NOx in the 

deposition, which is reinforced by the low concentration of NO3
--N in the captured 

deposition. Moreover, our sites are not located in the proximity of major roadways or 

power plants, reducing the possibility of NO3
--N deposition. Overall, despite the evidence 

of mixing, modeled isotopic composition and high concentration of measured NH4
+-N in 

deposited N along with high NHx emissions from the refinery suggest a significant 

contribution of NH4
+-N from the refinery and secondarily from agricultural activities (the 

only other possible source of NHx in the region).  

 Our tree-ring δ15N values averaged over a span of four decades indicated 

enrichment with distance from the refinery but the increase was smaller from 13 km to 29 

km. The site closest to the refinery had a much lighter isotopic signature (mean -1.04 ± 

0.5 ‰) over most of the study period, suggesting that NHx deposition from the refinery 

possibly has a δ15N signature close to 0 ‰. At the farther sites, the average signature was 

enriched possibly due to mixing from other sources. This observation is further reinforced 

by tree-ring δ15N values from 2000-05, when NH3 emissions from the refinery had 

temporarily ceased. During this period, we observed an abrupt increase in tree-ring δ15N 
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values from the site closest to the refinery. The heavier tree-ring δ15N values recorded only 

during this period suggest a possible shift in the source of deposition for a brief interval. 

This change was not observed at the other two sites. We also did not observe a gradual 

increase or decrease in site-level tree-ring δ15N over time. Such changes have been 

observed in studies where emission sources are absent during the initial time period 

covered by the tree-ring chronologies (Poulson et al., 1995; Saurer et al., 2004; Guerrieri 

et al., 2009; Savard et al., 2009; Leonelli et al., 2012; McLauchlan and Craine, 2012; Jung 

et al., 2013). Tree-ring δ15N records at such sites indicate a shift (consistent enrichment or 

depletion) after the emergence of the emission source. The absence of such a trend from 

our sites indicates that the sources of emissions and deposition on these forests have been 

present throughout the period that our chronologies cover. The areas around our sites have 

been heavily cultivated and used for grazing for close to a century (USFWS, 1997; Barrow 

et al., 2005), while the refinery was established in 1942, which precedes our longest 

chronology. On an average, our overall tree-ring δ15N values from all three sites were 

slightly heavier as compared to those observed in other studies that have mainly 

investigated NOx pollution effects (Saurer et al., 2004; Battipaglia et al., 2009; Guerrieri 

et al., 2009). Unlike δ15N, our N% chronologies did not differ between sites possibly 

owing to similar overall background N deposition rates, although the sources of deposition 

seem to vary across sites. We had hypothesized that tree-ring N% would gradually 

increase, assuming low N conditions during the initial phase of our chronology. With 

accumulation of N in the ecosystem over time, the tree-ring N% chronology was expected 

to flatten with possible N saturation. However, no such trend was observed as tree-ring 
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N% values did not vary until about 2006, following which a rapid increase was observed 

at all three sites. This steep rise coincides with the emission rates from the refinery. 

Although this trend in tree-ring N concentration did not correlate with ring-width index 

from Deshpande et al. (2020), tree-ring N concentration had a strong positive effect on 

BAI at all three sites. BAI measurements do incorporate tree-age effects, due to which 

BAI usually increases rapidly during initial years after establishment before flattening out 

as the tree approaches maturity. However, at two out of our three sites, BAI remained 

stable during initial years after tree establishment and a rapid increase was observed with 

an increase in tree-ring N concentration. This suggests that N inputs have a fertilizing 

effect on these trees, causing increase in growth. It also indicates relatively low and 

consistent deposition rates until about late-1990s. This ecosystem seems to be a strong 

inorganic N sink with a large N retention capacity, barely indicating signs of saturation 

despite high N deposition levels over more than at least two decades. However, plants do 

have a threshold capacity of N absorption (~3.5% in wood) (Martius, 1992; Martin et al., 

2015; Tang et al., 2018) beyond which, excessive N inputs can have deteriorating toxic 

effects not only on the vegetation, but also on soils (Aber et al., 1989; Frey et al., 2004; 

Campbell et al., 2009; Butterbach-Bahl et al., 2011; Lovett and Goodale, 2011). If similar 

deposition rates persist owing to increasing emissions, the ecosystem could eventually 

experience N saturation. 

 Foliar and wood δ15N values were similar only at the site where atmospheric inputs 

and wood δ15N was lighter. This suggests that fractionation within plant tissues is lower 

when the absorbed N is already isotopically depleted. At the other two sites where wood 
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and deposition δ15N were relatively heavier, the absorbed N underwent further 

fractionation within the plant. Such fractionation of heavier absorbed N within the plant 

has been observed and attributed to the requirement of isotopically lighter N in the leaves, 

where it undergoes biochemical transformation for the formation of the photosynthetic 

enzyme, RuBisCo (Evans, 1989; Evans and Seemann, 1989; Takashima et al., 2004). Also 

for this purpose, a higher concentration of N is essential in the foliage as compared to 

other plant parts and fractionation into lighter isotopic forms enables more energy efficient 

N transport to the leaves (Pardo et al., 2013). This suggests that at sites which receive 

depleted δ15N deposition or where significant fractionation in the soil makes more 

depleted δ15N available for plant uptake, absorbed N undergoes minimal fractionation 

within the plant. 

 NH4
+-N from wet deposition was apparently the main source of inorganic N in 

soils and for plant uptake and acts as a primary control over tree-ring δ15N values. 

However, the presence of NO3
--N in soils indicates the co-occurrence of nitrification but 

at a slower rate. As observed in many other studies in forest ecosystems (Garten, 1993; 

Emmett et al., 1998; Hobbie and Ouimette, 2009), at all the three sites, soil δ15N values 

were depleted at the surface (0–10 cm) as compared to the next 40 cm, which can be 

attributed to a range of possible factors including soil moisture, microbial activity, and 

fractionation during root uptake.  The higher moisture availability and possible aeration 

in the top 10 cm soil may have resulted in accelerated microbial activity, decomposition 

and N cycling (mainly ammonification), resulting in a higher concentration of NH4
+ and 

depleted δ15N values. Another possible mechanism that explains relatively enriched δ15N 
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values from 10–40 cm is the accumulation of heavier 15N at these depths as a result of 

fractionation during N uptake by mycorrhizal fungi associated with tree roots. Mycorrhizal 

fungi discriminate against heavier 15N and preferentially transfer isotopically lighter N to 

the roots, leaving behind an accumulation of heavier 15N in the soil (Högberg et al., 1996; 

Hobbie et al., 2000). Bottomland oaks usually have shallow roots systems (Vozzo, 1990; 

Gilman et al., 1994; Burke and Chambers, 2003) associated with ectomycorrhizal fungi 

(Filer, 1975; Jurgensen et al., 1996), that can fractionate against isotopically heavier N by 

as much as 9.6 ‰ (Hobbie and Ouimette, 2009). Other less likely explanation is 

denitrification. Although wetland ecosystems are usually known to have higher 

denitrification rates (Ullah and Zinati, 2006; van Cleemput et al., 2007; Peralta et al., 2010; 

Batson et al., 2012), which can be a major fractionating pathway (Handley and Raven, 

1992; Houlton et al., 2006), our soil was sampled during a relatively drier phase when 

denitrification is minor and δ15N and soil θv were negatively corelated. Lastly, NO3
- 

availability is a precursor for denitrification, therefore, if denitrification occurs, soil δ15N 

should positively correlate with NO3
--N concentration, which was not observed at any of 

the three sites.   

 Deciduous forests such as subtropical and temperate forested wetlands and 

hardwood forests are known to have high N retention rates and low N losses even at high 

deposition levels (Jacks et al., 1994; Aber et al., 1998; Magill et al., 2000). Our findings 

from the Columbia bottomlands reinforce these observations. These bottomland hardwood 

forests are important reservoirs for floodwaters during extreme events like hurricanes and 

tropical storms and help reduce flooding risk in the Houston metropolitan area. The 
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Columbia Bottomlands Mitigation Bank was also established in 2017, through which 

appropriate compensatory mitigation is provided for unavoidable impacts to wetlands and 

functioning of more than 320 acres of bottomland hardwood forests is sustained. The 

potential of these forested wetlands to retain and remove N pollution has not been explored 

before. Our results suggest that this ecosystem can provide this vital service without 

experiencing detrimental impacts of N saturation. As evident from our findings, large 

amounts of N retention in plants and transformation in soils can remove reactive N 

compounds from the atmosphere, prevent gaseous loss of greenhouse N gases, nitrate 

contamination of groundwater and stream pollution through surface and sub-surface run-

off, which can eventually contaminate drinking water sources. In a study conducted by 

Sedaghatdoost et al. (2019) to assess the redox biogeochemistry of these soils, no evidence 

of soil acidification was observed as the pH ranged from 7.2-8.6, indicating effective N 

retention in soils. Less than 25% of the Columbia Bottomlands are protected within the 

San Bernard National Wildlife Refuge, leaving a significant area covered by these forests 

unprotected. Increasing agricultural incursion and removal for commercial activities are 

rapidly declining the remaining habitat, making the conservation and protective 

management of this ecologically critical ecosystem more vital than ever. 

Conclusion 

 This study provides evidence of elevated background N deposition in bottomland 

hardwood forests of the Brazos-Colorado Basin originating mostly from a petrochemical 

refinery at rates 3.2-3.6 times higher than the national average. Currently, these 

bottomland hardwood forests are strong sinks of reactive N, retaining large quantities of 
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anthropogenic N from emissions. In the absence of this valuable ecosystem service of N 

retention in forest soil and plant pools, soil acidification and N contamination of water 

sources such as streams and groundwater would be in a much aggravated state.  

NH4
+-N dominated total wet N deposition, reflecting the emission source. Soil N 

pools and δ15N were also affected by NH4
+-N, suggesting the control of deposited NH4

+-

N over soil N cycling. However, long-term increasing trends of tree-ring N concentration 

and BAI indicate that deposited N is rapidly absorbed in plant N pools, resulting in 

increased plant growth and transfer of inorganic N from soils to plants, thus reducing the 

possibility of soil N saturation, leaching and run-off of excess N. Interestingly, despite 

exposure to anthropogenic N deposition for several decades, continued absorption of this 

N into vegetation without showing signs of N saturation is an important ecosystem service 

that has not been realized and applied in this region and other BHFs. In the US, BHFs 

occur in proximity of urban centers and these forested wetlands are also associated with 

freshwater sources. Consolidated conservation efforts among stakeholders and cohesive 

action between management agencies, river regulation authorities and pollution control 

agencies can lead to an effective use of these ecosystems to sequester and filter air and 

water pollutants in exurban and peri-urban areas in the southeastern US. 
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CHAPTER V  

MODELLING THE EFFECTS OF ANTHROPOGENIC NITROGEN DEPOSITION 

ON FOREST PRODUCTIVITY AND NITROGEN CYCLING IN AN EXURBAN 

BOTTOMLAND HARDWOOD FOREST 

 

Synopsis 

 Deposition of reactive nitrogen (Nr) from anthropogenic sources on terrestrial 

ecosystems has increased several fold since the pre-industrial era. Addition of Nr to forest 

ecosystems through dry and wet atmospheric deposition shows beneficial impacts on the 

ecosystem in the initial stages but excessive amounts can cause N saturation and have 

detrimental impacts. Forested wetlands along the Gulf coast of southeastern US are 

threatened by elevated N deposition emanating from refineries, urban areas and 

agriculture. Moreover, a highly variable hydroclimate aggravates the disturbance caused 

to these rapidly declining ecosystems. In this study, we used the process-based 

biogeochemical model, Forest-DNDC to understand the response of forest productivity 

and soil N cycling to a range of N deposition and hydroclimatic scenarios in a bottomland 

hardwood forest in close proximity of a major petrochemical refinery in Texas, USA. Our 

objectives were to (i) validate the Forest-DNDC model for this ecosystem by comparing 

a set of modeled above- and belowground parameters to field measurements, (ii) model 

and determine the major controls over forest productivity and heterotrophic respiration 

under different scenarios, and (iii) simulate soil N transformations to understand how 

precipitation and N deposition affect soil N cycling with its resultant impact on forest 
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productivity. Our results suggest that Forest-DNDC reasonably represents observed 

variation in forest productivity and N cycling in this intermittently flooded wetland forest. 

Application of the model indicated that excessive N deposition is a strong constraint on 

forest productivity in this ecosystem with indications that possible inhibition of microbial 

activity due to excessive Nr inputs resulting in decreasing mineralization and nitrification 

rates slows down productivity at high deposition levels. Moreover, the forest seems to be 

retaining N in large quantities with marginal N losses. The study provides a baseline of 

biogeochemical interactions in the region, which will help predict forest productivity 

under future emission and climate scenarios and aid the regulation of air emissions from 

refineries to ensure the health of nearby exurban wetland forests that receive excessive 

anthropogenic N inputs.  

Introduction 

 Nitrogen (N) is a primary limiting nutrient that determines vegetation growth in 

most ecosystems. Over the last century, the balance of global N cycling has been severely 

altered due to anthropogenic factors such as fertilizer production and application, 

increased cultivation of N-fixing crops, fossil fuel combustion from vehicles and 

industries resulting in elevated emission as well as deposition of reactive inorganic N 

(Holland et al., 1999; Galloway et al., 2004; Fowler et al., 2013). Currently, global 

emissions of nitrogen oxides (NOx) and ammonia (NH3) are estimated to be about 100 Tg 

yr-1, out of which, 60% are NH3 emissions, while NOx emissions contribute about 40% 

(Fowler et al., 2013). Global inorganic N deposition is currently 94 Tg N yr-1 (Ackerman 

et al., 2019), of which approximately 70 Tg yr-1falls on the terrestrial surface (Fowler et 
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al., 2013), and 18 Tg yr-1 is deposited on forests (Hudson et al., 1994). While overall global 

N cycling rates are estimated to have doubled over the last century, deposition rates are 

believed to have tripled since the late 1800s (Vitousek et al., 1997; Galloway et al., 2004). 

In the US, major N deposition hotspots occur in the Midwest, California, urban areas in 

the northeast and in the southeast states along the Gulf coast (Zhang et al., 2012).     

 Deposition of Nr on ecosystems, especially on forests, is a matter of concern 

because N is a major driver of primary productivity and soil biogeochemistry (Aber et al., 

1989; Vitousek and Howarth, 1991; De Vries et al., 2006). Large-scale additions of 

external N in these ecosystems can cause biogeochemical imbalance and alter forest 

structure and function (Campbell et al., 2009; Butterbach-Bahl et al., 2011). Through 

several studies in forests globally, it is well established that low N deposition levels can 

benefit forests by increasing primary productivity (Thomas et al., 2010; De Vries et al., 

2014) and accelerating soil N cycling (Aber et al., 1998). However, excessive N deposition 

is known to decrease productivity (Aber et al., 1998; Bai et al., 2010), alter species 

composition (Stevens et al., 2004; Bobbink et al., 2010), reduce foliar N (Aber et al., 

2003), aid invasive species (Siemann and Rogers, 2003b; Liu et al., 2018), slow down 

mineralization and nitrification (Aber et al., 1989; Aber and Federer, 1992; Aber et al., 

1995; Lovett and Rueth, 1999; Carreiro et al., 2000; Frey et al., 2004), increase leaching 

(Fang et al., 2009; Gundersen et al., 2011) and gaseous N emissions through denitrification 

(Gundersen et al., 1998; van Groenigen et al., 2015), eventually causing soil acidification 

(Wallace et al., 2007) followed by massive N losses from the system and also tree 

mortality in extreme cases (Aber et al., 1998; Magill et al., 2000; Lovett and Goodale, 
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2011). However, these impacts are mainly dependent on N limitation or saturation in an 

ecosystem. If a system is N limited, deposition of Nr results in positive effects such as 

increased growth as a result of faster transformation and production of available N. If the 

system is N saturated, further deposition leads to decline in growth, reduced 

decomposition and N transformation through microbial activity and rapid N losses (Aber 

et al., 1998; Lovett and Goodale, 2011; Tian et al., 2016).  

A significant amount of Nr is deposited in wetland forests around the world 

(Morris, 1991). In the southeastern US, the already threatened wetland forests experience 

elevated N deposition due to increasing industrialization and urbanization (Pardo et al., 

2011). A large number of petroleum refineries, which are major sources of ammonia 

emissions, are located along the coast of Gulf of Mexico, where many remnant wetland 

forests occur. In Texas, bottomland hardwood forests occur along the Gulf coast, where a 

number of rivers form their floodplains. The Columbia bottomlands, located southwest of 

Houston have also been affected by these disturbances and their geographic extent has 

declined by nearly 75% (USFWS, 1997; Barrow and Renne, 2001; Barrow et al., 2005). 

 Although forest ecosystems are substantially dependent on N availability, they are 

equally reliant on climatic conditions as sufficient precipitation and optimum temperatures 

are critical for forest growth. In wetland forests, adequate moisture inputs are critical 

because the vegetation is adapted to saturated conditions (Kozlowski, 1997), which makes 

it even more sensitive to climatic variation, especially drier conditions. Over the last few 

decades, precipitation patterns along the Gulf coast have been irregular. In regions along 

the coast of Texas, annual precipitation amounts have been highly variable with up to 61% 
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more rainfall than average during some years, while up to 53% deficit during others. These 

fluctuations have resulted in numerous droughts (1988, 1999, 2005, 2011) and floods 

(1994, 2015, 2016). Additionally, the region is also prone to frequent tropical storms and 

hurricanes (1983, 2001, 2005, 2008, 2017). Since 1895, annual rainfall in the region has 

increased by approximately 130-200 mm and mean annual temperatures have increased 

by approximately 1.4 oC. Climate models have predicted a rise in temperature in this 

region over the next century, while precipitation is expected to be more erratic with 

increased storm events (IPCC, 2013). These changes pose a major threat to wetland forests 

in this region, considering their dependence on climate. 

 Effects of N deposition and climate change on forests are often studied separately. 

However, both of these factors are closely intertwined and occur simultaneously 

(Bytnerowicz et al., 2007; Serengil et al., 2011). A majority of Nr is deposited on forests 

through wet deposition (Fowler et al., 2013), which is directly related to the amount of 

precipitation. Moreover, atmospheric transformations of N prior to deposition are highly 

dependent on atmospheric moisture (Hertel et al., 2011). For example, NH3 dissolves in 

atmospheric water vapor to form particulate NH4
+. Hence, it is critical to study the 

combined effects of climate change and N deposition. Although several studies have 

explored this interactive effect, most studies have considered temperature effects along 

with deposition (Gaudio et al., 2015; Dirnböck et al., 2017; Tharammal et al., 2019; Van 

Houtven et al., 2019), but rarely precipitation (Hole and Engardt, 2008). Precipitation 

directly affects soil moisture, which drives microbial activity, thus controlling rates of 

mineralization (Sierra, 1997), nitrification (Stark and Firestone, 1995), denitrification 
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(Klemedtsson et al., 1988) and plant N uptake (Kulmatiski et al., 2017). Although higher 

wet deposition can accelerate mineralization and nitrification rates, excessive amounts of 

Nr in soils are known to inhibit microbial activity beyond a threshold and eventually slow 

down N cycling rates (Aber et al., 1998; Frey et al., 2004). In wetland forests, these 

processes become even more complex because excessive moisture can lead to leaching 

and run-off losses of N (Bowden, 1987; Gunnar et al., 1994). Furthermore, anaerobic 

conditions, which commonly occur in wetland forests, reduce mineralization and 

nitrification rates, and accelerate denitrification (Bernhard, 2010). Hence, N deposition 

and hydroclimatic changes can cause significantly different cascading effects in wetlands 

as compared to drier, upland ecosystems.   

  Biogeochemical models informed by field measurements are an efficient tool for 

simulating and assessing ecosystem-scale fluxes of C, N and water. A number of models 

have been developed and used over the last 20 years to model biogeochemical fluxes. 

Some of the most widely used models include Biome-BGC (Thornton et al., 2002), the 

PnET family (Aber and Federer, 1992), DNDC models (Li et al., 1992), NCAR CSEM 

(Gent et al., 2011), ForSAFE (Wallman et al., 2005), etc. To improve modeling quality, 

several of these models have been combined or developed for specific ecosystems and 

regions. The Forest-DNDC model (Li et al., 2005) is specifically applicable for studying 

biogeochemical interactions with N deposition and hydroclimate as primary drivers in 

wetland forests. The model was created by integrating the PnET-N-DNDC model (Li et 

al., 2000; Stange et al., 2000) with Wetland-DNDC (Zhang et al., 2002), with the former 

improving estimates of aboveground processes and the latter improving soil 
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biogeochemical and hydrological estimates. Additionally, Forest-DNDC can be used in 

upland or wetland mode, which increases its specific applicability. Although the model 

has mainly been used to simulate C or N fluxes separately and not their interactions, it can 

reliably replicate field measurements. The model has been validated and applied across a 

variety of ecosystems across the globe such as cypress swamps, slash pine, spruce forests 

(Kurbatova et al., 2008), broad-leaf pine (Shu et al., 2019), fir (Lu et al., 2008), Eucalyptus 

plantation (Miehle et al., 2006), wetland forests (Cui et al., 2005), boreal forests (Kim et 

al., 2014; Kim et al., 2016), subtropical forests (Wang et al., 2011b), tropical dry forests 

(Dai et al., 2014), etc.  

 In this study, we used the Forest-DNDC model to simulate and analyze forest 

productivity and soil N transformations in a bottomland hardwood in different 

hydroclimatic and elevated N deposition scenarios near a petrochemical refinery. Our 

objectives were to (i) validate the Forest-DNDC model for this ecosystem by comparing 

a set of modeled above- and belowground parameters to field measurements, (ii) model 

and determine the major controls over forest productivity and heterotrophic respiration 

amid a range of hydroclimatic and N deposition scenarios, and (iii) simulate soil N 

transformations under these scenarios to understand how precipitation and anthropogenic 

N deposition affects soil N cycling and its resultant impact on forest productivity. We 

hypothesized that modeled forest productivity and heterotrophic respiration will increase 

linearly with precipitation and N deposition as a result of increasing N mineralization and 

nitrification rates. Soil N transformation rates were also hypothesized to increase linearly 

under wetter and high N deposition conditions, while N losses were expected to increase 
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exponentially at very high N deposition levels and under extreme wetness as these are 

favorable conditions for leaching and denitrification.  

Methods 

Site description 

 The study was conducted at the Big Pond unit (29°9'56.66"N 95°49'43.34"W), of 

the San Bernard National Wildlife Refuge, Texas, USA. The refuge spans over Brazoria, 

Matagorda and Fort Bend counties on the Gulf coast of Texas, about 40 km southwest of 

the Houston Metropolitan Area. The 54,000-acre refuge extends 150 km from the coast to 

inland as the habitat transitions from salt water marshes to freshwater marshes and 

eventually into mixed bottomland hardwood forests known as the Columbia bottomlands. 

This floodplain ecosystem is formed as the Colorado, San Bernard and Brazos Rivers flow 

into the Gulf of Mexico. The bottomland hardwood forests mainly occur along these rivers 

and their smaller streams and bayous. The Big Pond unit is located in the Linnville Bayou 

subwatershed of the San Bernard River Basin and is dominated by hardwood forests with 

the main species being Quercus nigra, Quercus virginiana, Celtis laevigata and Triadica 

sebifera which account for 32%, 15%, 15% and 12% of the basal area, respectively (Cross 

et al., in preparation). The climate is humid subtropical (Koppen, 1900) and the area 

receives a mean annual rainfall of 1143 mm, with an average relative humidity of ~70% 

and the mean temperature is approximately 20 °C (NOAA, 2018a). Soils are mainly 

vertisols and alfisols dominated by clay, loam and sandy loam texture. The soils series 

include Aris fine sandy loam, Bacliff clay, Edna loam, Leton loam, Pledger Clay and 

Churnabog clay (NRCS, 2020). 
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The Big Pond unit is located 13 km in the downwind direction (northwest) from 

the Phillips 66 Sweeny Refinery, which is the 18th largest petroleum refinery in the US. 

The refinery, established in 1942, processes about 256,000 barrels of crude oil per day and 

emits about 16,300 kg of ammonia annually (USEPA, 2020). 

Micrometeorological and eddy covariance measurements 

The study site was equipped with a diverse set of eddy covariance (EC) and 

micrometeorological sensors installed on a 110 ft tower, covering an approximately 0.46 

km2 footprint encompassing about 90% drier, upland area and 10% intermittently flooded 

zones. Three sets of soil sensors at five different depths were also installed in different 

parts of the site. Precipitation was recorded using a TE525 Tipping Bucket Rain Gage 

(Campbell Scientific, Logan, UT) installed on top of the tower and gap-filled using 

measurements from the nearest NOAA weather station in Bay City, Texas (NOAA, 

2018a). Ambient air temperature, relative humidity and vapor pressure deficit was 

measured using an EC100 module coupled with a CO2/H2O Gas Analyzer (Campbell 

Scientific, Logan, UT). A CNR4 Net Radiometer (Campbell Scientific, Logan, UT) was 

used to measure average incoming and outgoing shortwave and longwave radiation along 

with average net radiation.   

CO2 and water vapor fluxes were measured using an IRGASON eddy covariance 

system, which has an integrated infrared gas analyzer and a 3D sonic anemometer 

(Campbell Scientific, Logan, UT). Along with CO2 and H2O density, wind direction in 

three dimensions was also recorded by the IRGASON. All measurements were recorded 

every 30 seconds and averaged over 30 minutes for flux calculation. The EC system was 
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connected to a CR6 datalogger coupled with EasyFlux Web software tool to calculate fully 

corrected 30-minute fluxes (Campbell Scientific, Logan, UT). EasyFlux Web calculated 

raw and corrected CO2 flux (Foken et al., 2012), evapotranspiration (ET) and friction 

velocity (u*) using recorded climatic and gas exchange measurements. The 30-minute 

CO2 flux data was additionally processed using REddyProcWeb online tool (Wutzler et 

al., 2018). REddyProcWeb uses a 3-step processing, which includes u* filtering, gap-

filling and flux partitioning. In the first step, measurements recorded during conditions 

with insufficient turbulence (low u*) are removed using the moving point test (Papale et 

al., 2006). Secondly, gaps in recorded data due to instrument failure and u* filtering are 

filled using available meteorological data such as net radiation, air temperature and vapor 

pressure deficit (Reichstein et al., 2005). The procedure is repeated with increased window 

sizes until the value can be filled. Lastly, CO2 flux (net ecosystem exchange) is partitioned 

into gross primary productivity (GPP) and ecosystem respiration (Reco) using the day-time 

based flux partitioning algorithm which utilizes the common rectangular hyperbolic light–

response curve for a moving window of time (Falge et al., 2001; Lasslop et al., 2010). 

Daily and monthly CO2 flux and ET were calculated from 30-minute averages for Forest-

DNDC model validation. All micrometeorological and EC measurements were recorded 

from February 21-December 31, 2019 with gaps from March 24-29 and June 30-July 11 

due to power failure. 

Soil volumetric water content (θv) and temperature were recorded at five different 

depths (5, 15, 30, 76, 100 cm) and at 30-minute intervals continuously from February 21-
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December 31, 2019 using CS655 multiparameter sensors are three different locations 

within the study site.    

Nitrogen deposition 

 We measured total concentration of nitrate (NO3
-) and ammonium (NH4

+) 

deposition using ion exchange resin (IER) columns (Fenn and Poth, 2004). IER columns 

were prepared by filling a 36 cm long and 1.27 cm diameter PVC tube with 35 g Amberlite 

IRN150 mixed-bed IER, which is a mixture of Amberlite IRN77 cation exchange resin 

and IRN78 anion exchange resin. Every PVC tube was sealed with polyester fiber on both 

ends, a drain cap was fitted at the bottom as an outlet for rainwater and a 10 cm diameter 

funnel was attached at the top to capture precipitation. Four IER columns were installed 

at different locations within the study site to capture spatial variability. The columns were 

exposed for six months and replaced once over a one-year period (September 2018-2019). 

After the exposure, the columns were transported back to Texas A&M University and the 

captured NH4
+ and NO3

- ions were extracted using 400 ml 2N KCl solution. NO3
- 

concentrations were estimated using the Cd reduction method at 543 nm (American 

Society for Testing Materials, 1987) and NH4
+ concentrations were estimated using the 

phenate method at 640 nm (Parsons et al., 1984). NH4
+ and NO3

- concentrations from each 

column were added and total concentration from all four columns was averaged to 

determine site-level concentration of wet N deposition. 

Forest-DNDC model description and validation 

 Forest-DNDC is a process-based biogeochemical model that simulates C and N 

fluxes as well as stocks (Li et al., 2005). The model is not only capable of simulating forest 
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growth in different levels of the canopy, but also C and N stored in the vegetation, litter 

and soils. Net ecosystem exchange (NEE) is simulated as the sum of GPP and Reco, with 

leaf, wood, root and soil respiration simulated separately. The model can also simulate 

soil C dynamics such as CO2 efflux and N dynamics such as trace gas emissions. Forest-

DNDC tracks the entire N cycle and dynamic N processes such as fixation, mineralization, 

nitrification, plant uptake, leaching loss and gaseous loss due to denitrification. Forest-

DNDC is a part of a long hierarchy of biogeochemical models based on the PnET and 

DNDC model family (Gilhespy et al., 2014). It was created by integrating PnET-N-DNDC 

model (Li et al., 2000; Stange et al., 2000) with Wetland-DNDC (Zhang et al., 2002), 

which gives the model the ability to run in both upland and wetland modes by simulating 

aerobic as well as anaerobic processes (Kurbatova et al., 2008; Kim et al., 2014). It 

simulates aboveground processes based on the functions of PnET (Aber and Federer, 

1992) and soil biogeochemical and hydrologic processes based on the functions of DNDC 

(Li et al., 1992). Forest-DNDC is able to simulate this vast variety of fluxes and stocks 

using six sub-models that make up the skeleton of the main model. These sub-models 

include soil environment, vegetation growth, decomposition, nitrification, denitrification 

and fermentation. The first three components form the first component of the model, while 

the latter three form the second component (Li et al., 2005). Biogeochemical processes are 

partitioned between the sub-models through the concept of an ‘anaerobic balloon’ (Li et 

al., 2005; Miehle et al., 2006). The expansion and contraction of this anaerobic balloon is 

controlled by soil oxygen concentration and redox potential, which eventually determines 

the rates of decomposition, nitrification and denitrification (Li et al., 2005).   
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 Forest-DNDC requires a variety of climatic, hydrologic, vegetation and soil input 

parameters. Most vegetation and soil parameters have default values set in the model 

depending on the forest and soil type, respectively, with the option to change default 

values based on user requirement. Climatic and hydrologic variables, however, need to be 

set by the user. Climatic input parameters include latitude, concentration of wet N 

deposition, concentration of atmospheric CO2, daily minimum and maximum temperature 

and precipitation. Groundwater table depth is the only required hydrologic parameter (only 

for wetland mode). Vegetation parameters are age and type of overstory and shrub layer. 

Using this information, the model generates default values for parameters like plant 

biomass, plant N, leaf N content, coefficients of photosynthesis curve, respiration 

fractions, plant C:N, water-use efficiency, leaf geometry, etc. Required soil parameters 

include soil type, thickness, number of layers and pH, on the basis of which the model 

generates default values for bulk density, clay %, hydraulic conductivity, porosity, field 

capacity and wilting point. 

 To validate the Forest-DNDC model for our site, we used climatic measurements 

from the EC tower and rates of N deposition from the installed IER columns. Although 

our site is located within a forested wetland ecosystem, more than 90% of the site area has 

drier, upland conditions, while the remaining 10% area is intermittently flooded. 

Therefore, we ran the model in upland mode. Most vegetation parameters were set to 

default values with a few changes based on field measurements (Table 11).  
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Table 11. Description of input parameters for model validation. 

Parameter Definition Value Source 

Atmospheric 

CO2 

Concentration of ambient CO2 413 ppm La Jolla Pier, CA, 

USA (Keeling and 

Keeling, 2017) 

N deposition Concentration of wet N 

deposition  

1.15 mg/l Field measurement 

Forest type Type of dominant vegetation Hardwoods Field observations 

Initial leaf N 

content 

Initial N concentration in foliage 1.8 % Field measurement 

AmaxA Coefficient for photosynthesis 

curve 

-46 mole 

CO2 g
–1 s–1 

Aber et al., 1996 

AmaxB Slope of relationship between 

foliar N and AmaxA 

71.9 % Aber et al., 1996 

Optimum Psn 

temperature 

Optimum temperature for 

photosynthesis 

24 oC Aber et al., 1996 

Minimum Psn 

temperature 

Minimum temperature for 

photosynthesis 

4 oC Aber et al., 1996 

Amax fraction Daily Amax as a fraction of 

instantaneous Amax 

0.76 Aber et al., 1996 

Growth 

respiration 

fraction 

Growth respiration as a fraction 

of gross photosynthesis 

0.25 Forest-DNDC 

default 

Light half satur 

constant 

Half saturation light intensity 200 µ mole 

m-2 s-1 

Aber et al., 1996 

Respiration 

Q10 

Effect of temperature on 

respiration 

2 Aber et al., 1996 

Canopy light 

attenuation k 

Light attenuation constant k 0.58 Forest-DNDC 

default 

Water use 

efficiency 

Water demand for producing a 

unit of biomass 

13.9 Forest-DNDC 

default 

DVPD1 and 

DVPD2 

Coefficients for calculating 

vapor pressure deficit 

0.05, 2 Aber et al., 1996 

Leaf N 

retranslocation 

Fraction of leaf N transferred to 

plant N storage during 

senescence 

0.5 Forest-DNDC 

default 

Senescence 

start day 

Starting Julian day for 

senescence 

329 Field observations 

(Phenocam) 

Leaf C/N C/N ratio in foliage 28 Field measurement 

Leaf retention Time span of leaf retention 

(years) 

1 Forest-DNDC 

default 
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Table 11. Continued. 

Parameter Definition Value Source 

Leaf geometry Leaf geometry index 2 Forest-DNDC 

default 

SLWdel Change in specific leaf weight 

with foliage biomass  

0.2 g dry 

matter/(m2 

leaf * g 

foliage 

mass) 

Forest-DNDC 

default 

Mineral soil 

type 

Soil type based on proportions of 

sand, silt and clay 

Clay Field 

observation/NRCS 

WSS 

Thickness Soil thickness 2.03 m NRCS WSS 

Layers Number of soil layers 4 NRCS WSS 

pH Soil acidity 7.1 NRCS WSS 

Bulk density Soil bulk density 0.91 g/cm3 NRCS WSS 

Clay fraction Clay fraction by weight  0.71 NRCS WSS 

Hydraulic 

conductivity 

Soil saturated hydraulic 

conductivity 

0.0012 

cm/min 

NRCS WSS 

Porosity Pore volumetric fraction of the 

soil 

0.65 Calculated from 

bulk density 

Field capacity Maximum water-filled fraction 

of total porosity in a freely 

drained soil 

0.55 NRCS WSS 

Wilting point Maximum water-filled fraction 

of total porosity at which the 

plant starts wilting permanently 

0.15 NRCS WSS 

 

Model performance was evaluated by comparing modeled and observed 

measurements of GPP, Reco, NEE and ET at a monthly timescale and soil θv and soil 

temperature at a daily timescale using statistical analyses and criteria described by Miehle 

et al. (2006) and Shu et al. (2019). The statistical tests include calculation of model 

accuracy (MA) (Eq. 6), relative mean error of prediction (ē) (Eq. 7), relative mean absolute 

error (MAE) (Eq. 8), relative root mean square error of prediction (RMSEP) (Eq. 9), 
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coefficient of determination (r2) (Eq. 10) and the Nash–Sutcliffe index of model efficiency 

(ME) (Eq. 11). 

𝑀𝐴 =
𝑃̅

𝑂̅
× 100                (6) 

where 𝑃̅ is the mean of modeled values and 𝑂̅ is the mean of observed values.  

𝑒̅  = (
∑ 𝑂𝑖−𝑃𝑖

𝑛
𝑖=1

𝑛
) /𝑂̅ × 100                  (7) 

where Oi and Pi are the observed and modeled values. 

𝑀𝐴𝐸 = (
∑ |𝑂𝑖−𝑃𝑖|𝑛

𝑖=1

𝑛
) /𝑂̅ × 100              (8) 

𝑅𝑀𝑆𝐸𝑃 = (√
∑ (𝑃𝑖−𝑂𝑖)2𝑛

𝑖=1

𝑛
) /𝑂̅ × 100             (9) 

𝑟2 = (
∑(𝑂𝑖−𝑂̅)(𝑃𝑖−𝑃̅)

√∑(𝑂𝑖−𝑂̅)2×∑(𝑃𝑖−𝑃̅)2
)

2

             (10) 

𝑀𝐸 = 1 −
∑ (𝑃𝑖−𝑂𝑖)2𝑛

𝑖=1

∑ (𝑃𝑖−𝑃̅)2𝑛
𝑖=1

             (11) 

These tests provide a comprehensive assessment of the model performance. While 

MA provides a direct estimate of prediction accuracy, ē and MAE assess the prediction 

bias. Unlike ē, MAE does not account for positive or negative errors while estimating the 

prediction bias. RMSEP estimates errors in a quadratic form, which makes it more 

responsive to outliers and large errors as compared to MAE. Therefore, the difference 

between RMSEP and MAE indicates the significance of prediction errors. r2, the 

correlation between the modeled and simulated values indicates the capability of the 
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model to predict temporal variation. The Nash–Sutcliffe index of model efficiency is the 

most comprehensive parameter that provides a robust and overarching estimate of the 

model performance. It indicates the accuracy of model prediction with the field 

measurements as a standard. The values for ME can vary from -∞ to +1, with values 

between 0-1 (closer to 1) indicating high model efficiency. 

Model application 

To apply the Forest-DNDC model to our study site and simulate biogeochemical 

fluxes under a range of hydroclimatic and N deposition conditions, we ran the model in 

20 different scenarios. These scenarios included combinations of annual precipitation 

ranging from extreme drought to very wet years and wet N deposition levels from nearly 

no deposition to about 6 times the average levels in the US. We increased the annual 

precipitation levels from 600 mm/year (extreme drought) to 1000 mm/year (moderate) to 

1500 mm/year (wet) and 2000 mm/year (extremely wet). To simulate these conditions, we 

used climate data from the years 2011 (extreme drought), 2013 (moderate), 2007 (wet) 

and 2004 (extremely wet). Climate data was obtained from the NOAA NCEI database for 

the Bay City Waterworks, TX, USA weather station USC00410569 (NOAA, 2018a). 

Simultaneously, we increased concentration of wet N deposition in five increments (1, 5, 

10, 15, 20 kg/ha/yr). Output parameters such as GPP, heterotrophic respiration, NO, N2, 

N2O emissions, mineralization, nitrification and N leaching from each simulation were 

used for further analyses.    
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Statistical analyses 

 Apart from the statistical tests used to assess model performance, we used multiple 

regression to understand the combined effect of precipitation and N deposition on GPP, 

heterotrophic respiration, mineralization, nitrification and total N loss. As not all 

relationships were strictly linear, we ran polynomial regressions (quadratic and cubic) and 

used the best fitted relationships. We also investigated the combined and individual effects 

of precipitation and N deposition on soil N transformation processes using multiple 

regression. 

Results 

Model validation 

Comparing modeled fluxes with observed values indicates that Forest-DNDC can 

be applied to this ecosystem to simulate CO2 fluxes. The model simulated monthly average 

GPP with a much higher accuracy as compared to Reco and NEE (Table 12). Annual 

estimates of modeled CO2 fluxes were also in good agreement with observed values, with 

only a 13% underestimation of GPP (Figure 24). Observed GPP and Reco peaked in June 

and July, respectively, while NEE peaked relatively earlier in May. Although Forest-

DNDC modeled large fluxes during these months, it modeled GPP, Reco and NEE peaks 

in May, August and April, respectively. Observed GPP, modeled GPP and Reco had similar 

monthly trends but observed Reco was more variable early in the growing season, 

consequently resulting in differences in modeled and observed NEE during this period 

(Figure 25). 
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Forest-DNDC slightly underestimated monthly average GPP (9%) but the modeled 

values were highly correlated with the observed values (r2 = 0.90) with sufficient model 

efficiency (0.74) (Table 12, Figure 25a). The model simulated Reco with moderate accuracy 

(MA ~72%) with a high correlation with observed values (r2 = 0.84) and an acceptable 

model efficiency (0.11) (Table 12, Figure 25b). The magnitude, bias and significance of 

prediction errors was also much lower in modeled GPP and Reco (Table 12). For GPP, high 

model efficiency (>0.5) indicates the applicability of Forest-DNDC to accurately simulate 

C capture in this ecosystem. The error in NEE is higher because it accumulates individual 

errors from GPP and Reco. When NEE gets closer to zero (no net C exchange), these 

relative errors increase exponentially (Kim et al., 2014). Consequently, Forest-DNDC 

overestimated NEE by 31.5% (Table 12). The correlation between modeled and observed 

values were lower (<0.5) and the model efficiency was less than zero. Large ē, MAE and 

RMSEP indicate significant prediction bias and large magnitude of errors (Table 12). 

However, modeling of C capture/release by the ecosystem as indicated by NEE mainly 

contradicted observed values only during two months at the onset of the growing season 

(February and March) (Figure 25c).   

Figure 24. Comparison between total annual modeled (grey bars) and observed 

(black bars) NEP (kg C ha-1 year-1). 
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Figure 25. Comparison between mean monthly modeled (grey bars) and observed 

(black bars) a) GPP (kg C ha-1 day-1), b) Reco (kg C ha-1 day-1), c) NEE (kg C ha-1 

day-1), and d) ET (mm day-1). Error bars represent standard error. 

 

Modeled monthly average ET estimates were also accurate with only about 14% 

overestimation, high correlation with observed values (r2=0.80) and sufficient model 

efficiency (0.59) (Table 12, Figure 25d). Observed ET peaked in June, while Forest-

DNDC modeled a peak in August, accounting for most of the overestimation. Although 

model accuracy was high for daily soil θv (~99%), correlation with observed values was 

low (<0.5) model efficiency was out of the acceptable range (Table 12). Although Forest-

DNDC was able to predict peaks in soil θv, it was unable to simulate dry-downs, especially 

a long dry-down period in August-September (Figure 26a). Daily soil temperature was 

modeled with extremely high model accuracy (99%) and efficiency (0.95) with correlation 

to observed values close to 1 (Table 12, Figure 26b).  

(d) 

(a) 

(b) 

(c) 
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Figure 26. Comparison between mean daily modeled (grey line) and observed 

(black line) a) soil θv (%) and b) soil temperature (oC).  

 

 

 

Table 12. Performance parameters for Forest-DNDC model validation. 

 Time-

scale 
n 

MA 

% 

ē 

% 

MAE 

% 

RMSEP 

% 

RMSEP% 

- MAE% 
r2 ME 

GPP Monthly 11 90.8 9.2 21.4 25.9 4.5 0.90 0.74 

Reco Monthly 11 72.1 27.9 32.7 37.1 4.4 0.84 0.11 

NEE Monthly 11 131.5 31.5 69.5 91.4 21.9 0.49 -0.88 

ET Monthly 11 113.6 13.6 31.8 41.3 9.5 0.80 0.59 

θv Daily 314 97.9 1.03 10.3 13.02 2.7 0.35 -4.86 

Soil 

temp. 

Daily 314 99.1 0.9 4.3 5.5 1.2 0.98 0.95 

 

Modeled C fluxes under a range of hydroclimatic and deposition scenarios 

 Despite the highest amount of precipitation in the ‘extremely wet’ scenario, annual 

modeled GPP was ~532 kg ha-1 year-1 lower than in the ‘wet’ scenario, while ‘drought’ 

and ‘moderate’ hydroclimatic scenarios resulted in even lower annual GPP (Figure 27a). 

Modeled GPP did not increase as annual hydroclimate transitioned from drought to 

moderate. Under all four scenarios, GPP continued to increase with N deposition and 

indicated a fertilizing effect and active N retention even at extremely high deposition rates. 

N deposition had a stronger effect over GPP (p < 0.0001) as compared to precipitation (p 

(b) (a) 

S
o
il
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< 0.001) (Model p < 0.0001; R2 = 0.74). Precipitation had a weaker effect on total annual 

CO2 efflux from heterotrophic respiration (p < 0.05), for which N deposition was a 

stronger driver (p < 0.0001) (Model p < 0.0001; R2 = 0.96). Heterotrophic respiration 

increased at a slower rate until deposition levels of 10 kg/ha/yr, beyond which further N 

inputs had a much stronger positive effect, suggesting a strong simulation of microbial 

activity after a threshold of N deposition (Figure 27b). CO2 efflux from heterotrophic 

respiration was more sensitive to N deposition with sharper variations.  

Applying N deposition and annual precipitation values from 2019 to the equation 

generated from the multiple regression model (Figure 27a), the annual GPP estimated for 

2019 was 44,014 kg ha-1, only a 15% error as compared to GPP measured in the field. 

 

 

Figure 27. Relationship between N deposition and modeled a) total annual GPP (kg 

C ha-1 year-1) and b) soil CO2 efflux from heterotrophic respiration (kg C ha-1 year-

1) under dry to wet hydroclimatic scenarios. 

 

Modeled N transformations under a range of hydroclimatic and deposition scenarios 

Total annual nitrification rates averaged about one-third of mineralization rates. 

Overall, mineralization rates were higher for the ‘very wet’ hydroclimatic scenario. 

Mineralization and nitrification rates increased steadily until N deposition levels of ~10 

kg/ha/yr, beyond which a more rapid increase was modeled (p < 0.0001), a trend similar 

(a) (b) 
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to that of heterotrophic respiration (Figure 28a,b). Hydroclimatic conditions had a slightly 

stronger effect on mineralization (p < 0.001) as compared to nitrification (p < 0.01). Total 

N loss, which includes nitrate leaching and gaseous emissions from nitrification as well 

as denitrification increased with both N deposition (p < 0.0001) and precipitation (p < 

0.0001) (Figure 28c). Forest-DNDC modeled overall lower total annual N loss rates across 

deposition and hydroclimatic scenarios, which were on an average 19% of mineralization 

rates but 65% of nitrification rates. 

 

Figure 28. Relationship between N deposition and modeled a) total annual 

mineralization (kg N ha-1 year-1), b) nitrification (kg N ha-1 year-1), and c) N loss (kg 

N ha-1 year-1) under dry to wet hydroclimatic scenarios. 

 

Modeled GPP increased at moderate mineralization (p < 0.0001; R2 = 0.67) and 

nitrification rates (p < 0.001; R2 = 0.59), but at excessive mineralization and nitrification 

(a) (b) 

(c) 
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rates, the rate of increase in GPP slowed down, indicating higher dependence of 

productivity on inorganic N availability at low and moderate N conditions (Figure 29). 

 

 

Figure 29. Relationship of modeled total annual GPP (kg C ha-1 year-1) with a) total 

annual mineralization rate (kg N ha-1 year-1) and b) total annual nitrification rate 

(kg N ha-1 year-1). 

Discussion 

 We applied Forest-DNDC to the Columbia bottomlands to study the integrated 

effect of a changing hydroclimate and elevated N deposition on productivity and N 

cycling. Our results indicated that N deposition was a stronger driver of productivity than 

hydroclimate in this system. A weaker response of productivity to precipitation in this 

intermittently flooded wetland forest can be explained by generally occurring higher soil 

water content, which renders the vegetation less sensitive to drier periods. In a previous 

study conducted in the same landscape, a weak response of forest growth to precipitation 

has been observed with a substantial unexplained variance in the relationship (Deshpande 

et al., 2020). A substantial proportion of this unexplained variance can be explained by 

adding N deposition to the growth-hydroclimate relationship. We observed a positive 

effect of N deposition on modeled productivity across low to high deposition levels with 

(b) (a) 
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no signs of N saturation. Considering the elevated N emissions from the local 

petrochemical refinery, our model suggests that even if current N deposition rates double, 

GPP will continue to respond positively to N inputs, indicating a continuing fertilizing 

effect and N retention within the plant N pool.  

Productivity has been observed to decrease under excessive N inputs across 

various forest ecosystems (Aber et al., 1998; Lovett and Goodale, 2011; Tian et al., 2016) 

and this relationship has been explained by a common concept of N saturation, which 

occurs when the inputs of reactive N in an ecosystem exceed the plant and microbial 

demand, resulting in detrimental effects on the ecosystem along with accelerated N loss 

(Ågren and Bosatta, 1988; Aber et al., 1989). On the contrary, the constant increase in 

modeled productivity with N inputs in the Columbia Bottomlands indicates the high N 

demand in the plant and microbial N pools and the absence of N saturation. This large N 

retention capacity suggests that these bottomland hardwood ecosystems have the ability 

to remove and store excessive anthropogenic N from the atmosphere, a critical ecosystem 

service that has not yet been highlighted in this landscape. One of the major implications 

of this study is to ascertain the state of Columbia bottomlands with respect to a changing 

climate and increasing N deposition from anthropogenic sources. We placed this 

ecosystem on the deposition-hydroclimate-productivity model created using a spectrum 

of simulated deposition and hydroclimatic scenarios. By using measured precipitation and 

N deposition and observed as well as modeled GPP from the study site for 2019, we 

determined that the forest has been actively retaining large amounts of atmospheric N and 
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that it may have the capacity to store even more N if deposition rates continue to increase 

in the future.  

Under elevated N deposition, as fixation becomes less important, mineralization 

becomes the primary limiting process in soil N cycling and N availability (Galloway et 

al., 2008). Under low N deposition scenarios, NH4
+ is a major source of plant N uptake 

and results in increased productivity (Boudsocq et al., 2012). As deposition of NH4
+ 

increases to intermediate concentrations, not only does more NH4
+ become readily 

available for plant uptake, but it also further reduces the C:N ratio of organic matter (Aber 

et al., 2003). This accelerates the mineralization rates and subsequently productivity, 

which is evident from our results. Additionally, this is reinforced by a similar increasing 

trend in CO2 efflux from heterotrophic respiration, which includes the activity of N 

transforming microbes. 

 NO3
- is another source of inorganic N for plant uptake. Nitrification, the rate at 

which NO3
- is produced by the oxidation of NH4

+ by nitrifying bacteria, is directly related 

to the availability of residual NH4
+ in the soil after plant uptake (Chapin et al., 2002). 

Therefore, in a trend similar to mineralization, our simulations show an exponential 

increase in nitrification rates under elevated N deposition as a result of higher NH4
+ 

availability. This is in line with Aber et al.’s hypothesis of constantly increasing 

nitrification with N addition (Aber et al., 1998).  

Along with declining mineralization and nitrification rates, increasing N losses 

from the system through NO3
- leaching and denitrification-induced gaseous emission are 

considered as major mechanisms of nutrient imbalance under high N deposition (Aber et 
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al., 1998; Fenn et al., 1998; Driscoll et al., 2003). However, deciduous forests like 

subtropical forested wetlands are known to have high N retention rates and low N losses 

even at high deposition levels (Jacks et al., 1994; Aber et al., 1998; Magill et al., 2000). 

Our results support this understanding as total N losses simulated by the model were very 

low (average 5.3 kg ha-1 year-1) under all hydroclimatic and N deposition scenarios, out of 

which leaching and denitrification made up ~3.7 kg ha-1, while ~1.6 kg ha-1 resulted from 

NO emission, which is mainly released during nitrification. These low amount of N losses 

through leaching and denitrification could possibly be a result of high N retention in the 

plant and soil microbial pools.  

Forest-DNDC has been successfully validated for several ecosystems across the 

globe (Cui et al., 2005; Miehle et al., 2006; Kurbatova et al., 2008; Wang et al., 2011b; 

Shu et al., 2019). Our results indicate that it can also be used in subtropical wetland forests 

such as bottomland hardwoods, where it accurately simulated CO2 fluxes at monthly and 

annual scales. Our results reinforce the fact that Forest-DNDC simulates CO2 flux more 

accurately in landscapes with a mosaic of upland-wetland patches as compared to other 

models (Kurbatova et al., 2008). To our knowledge, no other study has validated Forest-

DNDC for evapotranspiration. Our results indicated high accuracy of ET modeling by 

Forest-DNDC. We observed that Forest-DNDC overestimated ET during a storm event in 

late-August, which was the result of the model being unable to simulate suppressed 

transpiration during the storm event, which suggests that transpiration estimated by Forest-

DNDC in upland mode during periods with prolonged saturated soil conditions and low 

VPD needs improvement and should be used cautiously. As soil temperature is directly 
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related to air temperature, Forest-DNDC was able to simulate soil temperature with 

extremely high accuracy. However, modeled soil moisture lacked substantial accuracy. 

Although the model was able to reproduce peaks in soil moisture after rain events, it failed 

to simulate drydowns during drier conditions as modeled soil moisture remained constant 

until the next rain event. We assessed the sensitivity of modeled soil moisture by varying 

bulk density, hydraulic conductivity, porosity, field capacity and wilting point. Although 

this had an effect on the absolute values of modeled soil moisture, the patterns remained 

constant and drydowns could not be simulated. This indicates that soil type could be the 

primary constraint in Forest-DNDC to simulate soil moisture. 

 Although we acknowledge that results from modeling studies need to be inferred 

with caution, it needs to be noted that our field measurements are in good agreement with 

modeled values. One of the major drawbacks of applying the Forest-DNDC model in a 

high N deposition region is that it only considers the total N concentration in wet 

deposition but not its chemical composition. Therefore, it does not account for differences 

in NHx or NOy concentration in deposition, which can drive N cycling in very different 

directions. Secondly, the legacy of N deposition rates in this region is unknown, therefore, 

modeling an incremental N deposition trend over time may not reflect the actual in situ 

conditions accurately. However, this is a baseline study that provides initial insights of the 

effect of excessive N inputs to these forests and these observations need to be backed by 

continuous long-term field measurements of productivity and N deposition. A detailed soil 

study to estimate rates of in situ N soil transformation rates over a longer period is also 

highly recommended to reinforce our model. Lastly, most of the studies undertaken to 
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understand the impacts of N addition on forest ecosystems are conducted under controlled 

conditions in experimental settings where known constant or incremental amounts of N 

are added. However, in forests which receive ambient N deposition, rates of N addition 

can vary over time and progression to N saturation may not be a linear process as the 

system may recover from N saturation if deposition loads decrease over a certain period 

before increasing again. Therefore, we recommend more studies to understand the effect 

of ambient N deposition, especially in areas which receive elevated deposition loads. 

 

Conclusion 

 Our study shows that the Forest-DNDC biogeochemical model can be applied in 

intermittently flooded bottomland hardwood forests, in the sense that it captured the range 

of ecosystem GPP, Reco, NEE and ET. Post validation, the application of this model under 

a range of hydroclimatic and N deposition scenarios suggests that forest productivity is 

more strongly affected by N deposition than precipitation. The simulations indicate that 

elevated N deposition can accelerate mineralization and nitrification in these forests, 

positively affecting productivity. Applying the hydroclimate-N deposition-productivity 

model to the site using field observations suggests that productivity will continue to 

increase and atmospheric N will be rapidly transformed and stored in the plant and soil N 

pools even if N deposition rates continue to increase. N deposition loads from sources like 

refineries occurring in the proximity of these forests need to be regulated as the thresholds 

of N retention in these forests are unknown, rendering the projection of N saturation 

uncertain beyond deposition rates used in this modeling study.   
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CHAPTER VI  

SUMMARY AND CONCLUSIONS 

 

Wetland forests across the globe are ecologically unique and invaluable as they 

provide habitat for biodiversity that is not adapted to thrive in drier conditions. Wetland 

forests are also economically critical as they provide indispensable ecosystem services 

such as mitigating flooding risk, purifying drinking water sources, recharging groundwater 

levels, removing air and water pollutants, providing recreational opportunities, preventing 

soil erosion, providing timber and non-timber forest products for human consumption, etc. 

Bottomland hardwood forests (BHFs) of the southeastern United States are sub-tropical 

deciduous wetland forests that provide vital ecosystem services to this rapidly 

commercializing and urbanizing region. However, human-induced disturbances from 

urbanization, in combination with transitioning climatic conditions have 

biogeographically and ecologically damaged BHFs in the region, which has not only led 

to a decline in their distribution but also their ecosystem functioning through changes in 

species composition, community structure and invasion by non-native species. 

 Climate in this region is expected to warm over the next century and precipitation 

patterns are projected to become more non-uniform, with growing seasons expected to get 

drier and winters predicted to get wetter. BHFs in the southeastern US mainly occur close 

to the Gulf and Atlantic coasts, where warming has led to an increase in the frequency and 

intensity of storm events such as tropical storms and hurricanes. Although BHF vegetation 

is tolerant to moderate flooding, most species may not be able to sustain prolonged 
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waterlogging caused by these storm events. However, the knowledge of possible 

physiological responses of BHFs to excessively wet conditions remains sparse. The 

overall wetter conditions in BHFs prevent droughts from being as detrimental as compared 

to other drier forest ecosystems. However, droughts in the southern US, such as the 2011 

one, cause extremely dry conditions in patches of this landscape that have already been 

rendered drier by draining and diverting water away from these forested wetlands. In 

addition to climate change, release of air and water pollutants from a range of sources such 

as agriculture, petroleum refineries, vehicles, power plants, etc. threaten these forests. 

Reactive nitrogen (Nr) deposition is one of the foremost concerns as balanced N 

availability is a major factor that drives productivity, physiology and biogeochemistry of 

forest ecosystems. Also, Nr deposition is closely intertwined with climatic conditions, such 

as precipitation, temperature and humidity, that determine its transformation and fate in 

ecosystems. However, these interactions are not fully understood, mainly because of 

evolving climatic conditions and chemical nature of Nr emissions. This dissertation aimed 

to understand the integrated effects of these disturbances on BHFs in southeast Texas and 

to address the following overarching questions: How have these forests been responding 

to physiological stress caused by hydroclimatic variation and has it affected annual growth 

patterns? How do water-use strategies in bottomland trees growing under flooded and non-

flooded conditions differ in response to seasonal wetting and drying? Can the invasive 

Chinese tallow alter stand transpiration and outcompete native oaks for soil water? Do 

these forests receive excessive N deposition and what is its chemical nature? Has 

persistent elevated N deposition led to N saturation, affecting primary productivity, N 
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transformations in the soil and accelerated N loss? What is the relative importance of 

precipitation and N deposition in driving primary productivity in this ecosystem? 

 Trees growing in hydrologically wetter patches of the Columbia BHFs experienced 

less stress during growing seasons when hydroclimatic conditions were extreme. In these 

patches where flooding is more frequent, trees were expected to exhibit stressful response 

to prolonged flooding caused by root hypoxia and decreased root hydraulic conductivity. 

On the contrary, no such negative physiological response was observed. Also, during 

periods of drought or drought-like conditions, soil water reserves from erstwhile 

waterlogging events prevented trees in these patches from undergoing drought stress. 

These findings clearly indicated better adaptation of bottomland vegetation to 

intermittently flooded conditions, which seem to provide a hydrological buffer against 

drought and flood stress to the vegetation. On the other hand, vegetation at drier sites 

experienced growth inhibition and showed signals of stress during drought periods, and 

was more sensitive to wetter hydroclimatic conditions. Another important finding was the 

differing response of BHFs to seasonal climatic variation. While drier and harsher climatic 

conditions during the mid-growing season were the most detrimental to tree growth, 

similarly stressful conditions early in the growing season induced the most physiological 

stress. When drier early-growing seasons were followed by wetter mid-growing seasons, 

physiological stress subsided rapidly and growth rates were restored, a plastic response 

which is a unique characteristic of wetland trees. However, unlike the intermittently 

flooded trees, trees at the drier sites could not recover from stress induced during harsh 

mid-growing seasons, eventually resulting in stunted annual growth. This dissertation 
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provides evidence that vegetation in the hydrologically drier patches of these BHFs may 

not be able to sustain increasingly drier and warmer climatic conditions that are predicted 

for this region. Moreover, BHFs in the southeastern United States are rapidly being 

drained. In addition to a shrinking distribution range due to human encroachment, the 

remaining BHF patches are expected to experience drier conditions exacerbated by a 

warming climate, to which the vegetation is observed to be responding negatively. This 

may induce changes in the community structure, promote encroachment by invasive 

species, cause decline in productivity of native vegetation and possibly induce mortality 

if unfavorable conditions persist. 

 Plants within the same community can have varying water-use strategies in 

response to spatial heterogeneity in soil water conditions. While soil drying usually 

suppresses water-use, flooding may either suppress or stimulate water uptake. In wetland 

forests, few studies have been conducted to understand this response, which have yielded 

very contrasting results depending on topography, soil type, climate and species. Sharply 

fluctuating soil water conditions can thus affect transpiration, which can be a major 

component in the regional hydrologic cycle in ecosystems like wetland forests. This 

dissertation aimed at understanding how bottomland trees differ in their seasonal water-

use strategies when growing under contrasting soil water conditions. Since Chinese tallow 

invasion is a major concern in this region, especially invading the intermittently flooded 

patches (sloughs), this dissertation also aimed at assessing if this invasive species has the 

potential to outcompete native bottomland oaks for soil water. Although trees growing in 

flooded conditions had lower water-use as compared to the upland trees, the flooded trees 
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were less sensitive to seasonal climatic variation and sustained their water uptake during 

the driest phases in the summer. These trees had suppressed water-use during early 

growing season flooding, but as the flooding receded, they reopened their stomata and 

water-use recovered. This stomatal reopening suggests that suppressed water-use in 

response to flooding might be an adaptive trait rather than an indication of hydraulic or 

physiological stress. Upland trees, on the other hand, experienced drought stress in the 

summer as their water-use declined sharply, reinforcing the findings from the first part of 

the dissertation. The results suggest that vegetation in BHF ecosystems can experience 

drought stress on a range of temporal and spatial scales, for which it might not be adapted. 

Vegetation in drier portions of BHFs can thus be sensitive to even slight reductions in soil 

moisture. Most Chinese tallows sampled in this study were younger individuals with 

smaller basal areas. Tallows were observed to have invaded sloughs, indicating their 

preference to wetter soil conditions, encroaching the habitat of native oaks in the already 

shrinking wet patches. They had higher relative sapwood area-to-basal area ratios than the 

mature oaks, which, despite their younger age and smaller size, enabled the tallows to 

have sap flux rates as much as 77% as compared to the oaks. These results suggest that in 

the near future, with the tallows growing to maturity, they may equate oak water-use in 

the flooded patches. Currently, Chinese tallows constitute more than 20% of stand 

individuals and their numbers are expected to rise, especially in unmanaged parts of these 

forests. If unchecked, a future scenario is very likely where the tallows (that are also more 

shade-tolerant) may outcompete native oaks in the sloughs and modify the regional 

hydrologic cycle with their water uptake. Moreover, tallows invade areas with high N 
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availability and are known to proliferate copiously in regions with elevated anthropogenic 

N inputs. 

 Excessive deposition of N is a major environmental concern emanating from 

anthropogenic emissions of different forms of N through air and water. In the southeastern 

United States, it aggravates environmental degradation caused by other factors such as 

climate change. Although BHFs in the southeastern United States are located in close 

proximity of reactive N sources, very little is known about the quantities, chemical nature 

and impacts of N deposition in these forests and its impact on soil and plant N status. The 

National Atmospheric Deposition Program (NADP) monitors N deposition across the 

United States through a network of sites, however, the distribution of NADP sites across 

the central US and the Great Plains is sparse. This dissertation aimed at understanding the 

effects of elevated N inputs on soil biogeochemistry and primary productivity using a 

combination of biogeochemical modeling and field-based techniques. In the Columbia 

Bottomlands, which occur in close proximity of N emission sources such as petroleum 

refineries and croplands, wet deposition of NH4
+-N and NO3

--N was measured to be about 

3.5 times higher than the national average.  

 N deposition across the globe was dominated by oxidized N compounds 

throughout the 20th century. Subsequently, the current knowledge of N deposition effects 

on forest ecosystems is largely based on the understanding of how oxidized N is cycled 

through forest soils and vegetation. However, with changing technologies and evolving 

emission policies, the chemical nature of N emissions and deposition is transitioning from 

oxidized N-dominated to reduced N-dominated. In the Columbia Bottomlands, 
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isotopically lighter NH4
+-N constituted 87-95% of bulk wet N deposition, which is mainly 

attributed to NH3 emissions from a petroleum refinery located in the upwind direction and 

from the mosaic of croplands interspersed with BHFs. Primary productivity generally 

increases with N inputs, especially with NH4
+-N, which is preferentially absorbed by 

plants. However, excessive Nr inputs over a longer time period in areas such as in the 

Columbia Bottomlands, where N emission sources across the landscape have been present 

for more than six decades, the possibility of N saturation remains. 

  Contrary to the general understanding based on several studies (most of which 

have been conducted in temperate forests), that have shown forest ecosystems to 

experience N saturation after years of excessive N inputs, these BHFs were found to be 

actively retaining and cycling deposited N despite exposure to excessive deposition for 

decades. Generally, in N saturated forests, growth as well as tree-ring N concentration 

either remains constant or declines over time. However, in the Columbia Bottomlands, 

increases in basal area increments and the concentration of N absorbed by trees over time 

indicated active absorption and a fertilizing effect of N deposition on plants. Also, the 

average tree-ring δ15N signature at the site closest to the refinery was distinctly lower, 

suggesting active incorporation of emitted and deposited N in the plant N pool. Other 

common indications of N saturation are soil acidification and N losses through leaching 

and denitrification, all of which require high concentrations of soil NO3
--N. However, 

results from this dissertation indicated extremely low concentrations of NO3
--N in the soil 

N pools, further disproving the possibility of N saturation in these forests.     



 

135 

 

 The Forest-DNDC biogeochemical model, which was successfully validated for 

the Columbia Bottomlands in this dissertation, provided insights on the relationship 

between primary productivity and N mineralization at high N deposition levels. In contrast 

to the N saturation concept, the model indicated that forest productivity in these BHFs 

continues to respond positively to N mineralization even at high deposition rates. This 

reinforces findings from tree-ring measurements, where radial growth and N absorption 

increased rapidly with deposition. The model also simulated low N losses through 

leaching and gaseous emissions, supporting the low NO3
--N estimates from field 

measurements. These findings from field-based methods as well as a modeling approach 

provide compelling evidence that these BHFs are strong sinks of anthropogenic N that can 

retain and cycle deposited N without incurring detrimental impacts on plants and soils. 

The evidence of minimal N losses from this ecosystem through leaching and gaseous 

emissions even under high deposition levels suggests that these forests are effective filters 

of pollutant N that can otherwise pollute streams, rivers, groundwater and the atmosphere. 

 Significant knowledge gaps pertaining to plant physiology, soil biogeochemistry, 

hydrology and air quality were observed over the course of this study. Despite their 

ecological value, environmental research in BHFs has remained limited and several 

processes have remained unexplored, resulting in a striking lack of literature and data 

availability. However, two Texas Water Observatory sites in the region are rapidly filling 

some of these gaps and are continuously providing valuable ecosystem-level information. 

Despite this progress, future research activities focusing on flood dynamics and 

monitoring, continual deposition measurement, atmospheric transport and chemical 
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transformation of pollutants, pollutant-climate relationships, N gas and methane 

emissions, groundwater chemistry, seasonal soil analyses and a sociological 

understanding of private landowners’ perceptions about BHFs will effectively strengthen 

our position to preserve and beneficially manage these ecosystems.  

Results from this dissertation suggest that productivity in the Columbia 

Bottomlands is weakly affected by moisture inputs from precipitation because of the 

sufficient moisture availability in these floodplain forests from frequent flooding of 

streams and rivers and clayey soils that retain moisture, thus causing the vegetation to be 

less dependent on precipitation. Although this suggests that these forests might able to 

sustain extreme hydroclimatic conditions, this sustenance is contingent upon the frequent 

flooding and optimum wetting of these forests over a large spatial extent. Drying of these 

wetland forests, which is already underway, may induce stressful conditions and reduce 

productivity, while rendering the vegetation to be more sensitive to and dependent on 

precipitation inputs. Therefore, in addition to forest conservation and protection efforts, 

maintaining hydrologic connectivity within this patchy landscape through river regulation 

is of utmost importance. Moreover, through the findings from this dissertation, deposition 

of inorganic N has emerged as an important factor driving productivity and soil 

biogeochemistry in these forests. Columbia Bottomlands and other BHFs that occur in 

exurban or peri-urban locations have rarely been perceived as sinks and filters for air and 

water pollutants. While most wetland forests are protected as wildlife habitats, floodwater 

reservoirs, wetland mitigation banks, barriers to soil erosion, this lesser known ecosystem 

service of pollutant retention has not yet been fully highlighted and realized. This 
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dissertation provides vital baseline ecological, hydrological and biogeochemical 

information about this understudied ecosystem that can aid cohesive conservation action 

between agencies, inform pollutant emission standards and lead to an effective use of these 

ecosystems to sequester and filter pollutants along with flood risk mitigation. The study 

also integrates knowledge of distinct processes within the water, carbon and nitrogen 

cycles, that are strongly interconnected but usually studied and applied disjointedly. 
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APPENDIX A 

SUPPLEMENTARY TABLES FOR CHAPTER II 

 

Table 13. R2 values obtained from linear regressions between climate variables 

(precipitation, maximum temperature and PDSI) from the corresponding months 

(predictor variables) and annual ring-width index of the same year (response 

variable). Values shown here are sums of R2 values from linear regression models 

run separately for all four sites. R2 values only from statistically significant 

regressions were used to calculate the sums. 

Period Precipitation 
Maximum 

Temperature 
PDSI 

Feb 0.23 0.15 0.37 

Mar 0.25 0.04 0.49 

Apr 0.29 0.06 0.63 

May 0.44 0.23 0.76 

Jun 0.40 0.51 0.91 

Jul 0.58 0.72 1.39 

Aug 0.14 0.17 1.20 

Sep 0.03 0.22 0.64 

Feb-Mar 0.22 0.08 0.44 

Feb-Apr 0.21 0.11 0.53 

Feb-May 0.42 0.14 0.63 

Feb-Jun 0.63 0.26 0.74 

Feb-Jul 1.17 0.35 0.90 

Feb-Aug 1.26 0.43 0.99 

Feb-Sep 0.62 0.48 1.00 

Mar-Apr 0.46 0.05 0.58 

Mar-May 1.02 0.08 0.68 

Mar-Jun 0.74 0.24 0.79 

Mar-Jul 1.17 0.40 0.96 

Mar-Aug 1.23 0.28 1.05 

Mar-Sep 0.66 0.30 1.04 

Apr-May 0.88 0.12 0.73 

Apr-Jun 0.60 0.36 0.84 

Apr-Jul 1.35 0.54 1.02 

Apr-Aug 1.35 0.42 1.10 

Apr-Sep 0.73 0.45 1.08 

May-Jun 0.63 0.55 0.87 
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Table 13. Continued. 

Period Precipitation 
Maximum 

Temperature 
PDSI 

May-Jul 1.39 0.75 1.08 

May-Aug 1.26 0.64 1.16 

May-Sep 0.65 0.67 1.11 

Jun-Jul 1.05 0.70 1.17 

Jun-Aug 0.85 0.68 1.23 

Jun-Sep 0.45 0.66 1.15 

Jul-Aug 0.51 0.58 1.35 

Jul-Sep 0.21 0.55 1.17 

Aug-Sep 0.05 0.27 0.96 

 

 

Table 14. R2 values obtained from linear regressions between climate variables 

(precipitation and maximum temperature) from the corresponding months 

(predictor variables) and annual tree-ring δ13C values of the same year (response 

variable). Values shown here are sums of R2 values from linear regression models 

run separately for all four sites. R2 values only from statistically significant 

regressions were used to calculate the sums. PDSI had no correlation with tree-ring 

δ13C values. 

Period Precipitation 
Maximum 

Temperature 

Feb 0.29 0.12 

Mar 1.18 0.52 

Apr 1.88 1.86 

May 0.41 0.06 

Jun 0.37 0.17 

Jul 0.61 0.33 

Aug 0.62 1.02 

Sep 0.24 0.81 

Feb-Mar 0.79 0.56 

Feb-Apr 1.24 0.61 

Feb-May 1.26 0.45 

Feb-Jun 0.93 0.34 

Feb-Jul 1.15 0.34 

Feb-Aug 1.26 0.47 

Feb-Sep 0.77 0.51 

Mar-Apr 1.64 0.95 

Mar-May 1.77 0.65 

Mar-Jun 1.04 0.51 
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Table 14. Continued. 

Period Precipitation 
Maximum 

Temperature 

Mar-Jul 1.28 0.47 

Mar-Aug 1.34 0.60 

Mar-Sep 0.81 0.62 

Apr-May 1.32 1.07 

Apr-Jun 0.79 0.78 

Apr-Jul 1.18 0.63 

Apr-Aug 1.22 0.75 

Apr-Sep 0.72 0.75 

May-Jun 0.41 0.11 

May-Jul 0.83 0.24 

May-Aug 0.88 0.43 

May-Sep 0.51 0.45 

Jun-Jul 0.88 0.30 

Jun-Aug 0.92 0.57 

Jun-Sep 0.54 0.56 

Jul-Aug 0.72 0.69 

Jul-Sep 0.85 0.70 

Aug-Sep 0.53 0.87 

 


