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ABSTRACT OF THE THESIS 

 

Effects of Nutrient Availability on Root Nutrient Uptake and Carbon Exudation of 

Mature Tetragastris panamensis in a Lowland Humid Tropical Forest 

 

by 

Mark Ioan Ciochina 

Master of Arts in Geography 

University of California, Los Angeles 2017 

Professor Daniela F. Cusack, Chair 

 

 
Abstract 

 
Ecosystem processes are fundamentally limited by nutrient availability, but the effects of 

nutrient limitation or co-limitation on key processes like root nutrient uptake and carbon (C) 

exudation into soils is relatively unknown. New paradigms of nutrient limitation suggest that 

colimitation by multiple nutrients is more common than single nutrient limitation, therefore the 

established view that ecosystem processes are limited by phosphosus (P) in lowland tropical 

forests on highly weathered soils ecosystems should be revisited. Rates of nutrient uptake are of 

particular importance because these govern downstream plant physiological processes like 

photosynthesis and basic metabolism. Also, nutrient uptake is directly linked to root C exudates, 

which are increasingly recognized as an important plant contribution to soil C pools. Here, we 

explored the effect of changes in nutrient availability on root nutrient uptake in a well-studied 

Panamanian forest, and linked nutrient uptake to C exudates. We used a long-term factorial 
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nutrient fertilization experiment, and focused our study on a relatively abundant canopy tree 

species (Tegtragastris panamensis). We found a significant interacting effect of nitrogen (N) and 

potassium (K) on root uptake rates for ammonium, nitrate, and phosphate. Nitrogen and K added 

in combination produced uptake rates indistinguishable from control plots, however, N or K 

added individually increased the uptake rates of all nutrients compared to control and NK plots. 

No significant effects of N or P addition were observed on root C exudation rates. These results 

suggest that increased N or K availability may accelerate N and P uptake rates by roots. These 

results support the growing literature indicating that most ecosystem processes in tropical forests 

are governed by the availability of multiple nutrients, with implications for understanding plant 

productivity in this biome. 

Keywords: Root, nutrient, uptake limitation, lowland tropic, fertilization 
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Introduction 

Ecosystem nutrient limitation 

Nutrient constraints on productivity have been widely noted across terrestrial and marine 

ecosystems (Elser et al. 2007), however our conceptual approach to studying nutrient limitation 

has only gradually evolved to include frameworks for co-limitation.  Meta-analysis of marine 

and terrestrial factorial nutrient fertilization experiments has indicated that colimitation is 

common globally across plant communities, with 65% of 641 reviewed nitrogen (N) and 

phosphorus (P) fertilization studies showing signs of nutrient limitation by one or both nutrients 

(Harpole et al. 2011). Communities exhibited a plurality of responses to nutrient addition with up 

to 28% of the studies reviewed showing growth only with simultaneous fertilization of N and P; 

while other ecosystems evidenced colimitation by multiple nutrients independent of one another, 

and order-dependent priming effects of nutrient addition (Harpole et al. 2011).Additionally, the 

proportion of studies showing responses to one or more nutrients independently increased 

dramatically as the threshold a significant biological response was reduced, indicating a greater 

variety of forms and patterns of colimitation than are often addressed by the literature. 

Traditional views of nutrient limitation have largely followed variations on Liebig’s Law of the 

minimum in which the maximum productivity of an organism is limited only by the availability 

of the most scarce nutrient, regardless of the relative abundance of other resources (Liebig 1855; 

Ploeg & Kirkham 1999). These ideas have slowly been replaced as a new paradigm of ecosystem 

colimitation by multiple nutrients emerges as a more accurate description of natural ecosystem 

dynamics.  

The expectation of simple single nutrient limitation is in contrast to the observed flexible 

resource consumption, allocation, and adaptive capacities of plants. Recent studies have 
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demonstrated a capacity for functional substitution of nutrients within organism physiological 

processes, suggesting that a deficiency of one nutrient may be compensated by the abundance of 

other nutrients (Saito et al. 2008). Where nutrients may not be functionally substituted fluxes of 

nutrients and C between roots, the surrounding rhizosphere, and mycorrhizal networks have been 

well established as means by which resources may be exchanged between biotic communities 

and their environments (Bardgett et al. 2014; Frank & Groffman 2009). Nutrient demand is also 

sensitive to environmental conditions; with greater demand for P observed in N-fertilized 

Hawaiian soils, and altered root proliferation observed when nutrients are heterogeneously 

distributed in soils, suggesting complex adaptive strategies by plants to promote growth and 

efficient resource use (K. Treseder & Vitousek 2001; Hodge 2004; Rillig et al. 2001). Implicit 

within mechanisms of internal or external resource exchanges is an underlying expectation of a 

tradeoff between the costs and benefits of expenditure of resources towards growth and 

maintenance, or to the acquisition of new nutrients. Thus, nutrient acquisition strategies must 

prioritize efficient use of C and other resources to maximizes net benefit to the whole plant and 

are therefore unlikely to depend on a single nutrient, or be independent of the functioning of the 

whole plant. 

 In this way ecosystem nutrient cycling dynamics can be likened to the functioning of an 

economy. The optimization of plant productivity requires balancing the costs of resource 

acquisition, biomass production, and physiological activity with the potential benefits of storing 

resources for use when they will provide the greatest returns, the ability to functionally substitute 

one nutrient for another in physiological processes, and the ability to exchange abundant 

resources for those that are scarce (Bloom et al. 1985). Nutrient limitation may affect an 

organism when the supply of soil available nutrients is low, or when expenditure of C, or other 



3 
 

resources, on a nutrient produces diminishing returns relative to other potential investments  

(Bloom et al. 1985; Ågren et al. 2012). As such plants may seek to optimize resource use by 

altering nutrient and C allocation to arrive at a colimitation of multiple physiological processes 

which maximizes overall productivity. 

Nutrient limitation is inferred when increases in productivity result from addition of a 

limiting nutrient. Colimitation may arise by deficiencies of one or more soil nutrients, or as a 

result of flexible allocation of C towards acquiring specific nutrients in order to stay within a 

range of optimal nutrient ratios (Ågren et al. 2012). Optimal nutrient ratios for plant growth have 

been widely posited (Ågren 2008; Ågren 2004; Knecht & Göransson 2004; Ingestad 1971) 

however observations of optimal ratios in natural ecosystems can be difficult to define as growth 

and morphology may simultaneously vary making accurate determinations unlikely. Studies of 

root responses to N and P fertilization have shown the P addition can reduce activity of several 

mechanisms for P acquisition, while N fertilization can increase phosphatase production, 

stimulating P uptake and evidencing active manipulation of stoichiometric ratios within plants 

and soils (K. K. Treseder & Vitousek 2001; Fujita et al. 2010). Liebig’s Law of the Minimum 

was originally developed with the production of individual crop plants in mind, however, 

biologically diverse plant communities with varying nutrient requirements, and the capacity to 

exchange resources, make single nutrient limitation unlikely to apply at the ecosystem level 

(Danger et al. 2008). The assumption that multiple nutrient colimitation may be a feature of 

many ecosystems merits greater investigation, and can likely be examined best at the root-soil 

interface as the primary source of nutrient and water influx into the plant, and a significant 

source of C into soils.     
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The dynamics of nutrient cycling in the lowland tropical forest remain only dimly 

understood due to the relative deficit of long-term stand-level fertilization experiments.  

Tropical forests on strongly weathered soils have traditionally been described as rich in N and 

poor in P and other rock derived nutrients (Vitousek 1984). The abundance of N in tropical soils 

is a result of the accumulation of plant biomass in soils over millennia, as well as current N 

fixation by N-fixing species in tropical forests; while P is derived from the weathering of 

bedrock, with available P significantly affected by parent material (Vitousek et al. 2002; Walker 

& Syers 1976). Abundance of soil P is significantly affected by soil age; with mineral P available 

in greatest quantities on young soils (300 years), organic and total available P highest in 

medium-aged soils (~150,000 years), and lowest total availability in old soils (4 million years) 

along a Hawaiian soil chronosequence (Crews et al. 1995). In a factorial fertilization study with 

N, P, and a combination of K and micronutrients, across three Hawaiian montane rainforests, 

plant growth responses to P addition were greatest on the oldest soils, while N was most limiting 

on young soils, and a co-limitation by N and P was apparent at the middle-aged site (Harrington 

et al. 2001). No significant responses from the combined K and micronutrient treatment were 

observed suggesting that ancient tropical soils are primarily P-limited due to high rates of 

weathering. These results from the Hawaiian experiment appear to support the canonical view of 

single nutrient limitation, with P most limiting to plant growth on highly weathered tropical soils. 

Results from other tropical forests indicate that colimitation by multiple nutrients may be 

more common. Experimental evidence from lowland tropical rainforests suggest they may differ 

significantly from montane tropical forests with respect to the limitation of P, and on the 

importance of K on ecosystem productivity and nutrient cycling. A long-term nutrient 

fertilization experiment in the Republic of Panama is the only fertilization experiment to 
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explicitly include K in its factorial design, and comprises the only long-term fertilization 

experiment in the lowland tropics. In this experiment, the addition of P showed significant stand-

level effects on leaf P concentrations and a minor increase in litter production, however, no 

significant effects were observed on tree growth rates or belowground biomass allocation 

(Wright et al. 2011). In contrast, the same experiment showed a strong N by K interaction effect 

which significantly increased the growth rates of all but the largest trees (Wright et al. 2011). A 

study of the same plots showed that root tissue density declined with the addition of N and K, a 

morphological trait that is correlated with increased nutrient uptake capacity, but was 

unresponsive to P alone (Wurzburger & Wright 2015; Eissenstat 1992). Short-term (<5 yrs) N 

and P fertilization studies in mature lowland tropical forests have shown no effects of N or P 

addition on stand growth in a Bornean rainforest, seedling establishment or mature tree growth 

rates in a Central African primary forest, and significant effects of P only on litter and root tissue 

nutrient concentrations in a Costa Rican forest respectively  (Mirmanto et al. 1999; Newbery et 

al. 2002; Alvarez-Clare et al. 2013). Seemingly, P alone may not drive ecosystem dynamics in 

highly weathered tropical soils, with K apparently playing a central role as a colimiting nutrient.   

Tropical soils are high in irons and minerals that have the ability to bind P, preventing 

leaching, and release it under certain conditions (Liptzin & Silver 2009). Recent research has 

questioned how much of this sequestered P may be available to plants or microbes, or even 

regulated by largescale ecosystem changes in redox capacity liberating P from mineral 

associations (Chacon et al. 2006). Potassium is also derived from weathering of bedrock parent 

material with mineral K being slowly released by weathering, while exchangeable K is highly 

mobile and easily swapped between plants and clays (Martin & Sparks 1985). Limitation of K in 

lowland tropical soils is especially likely as Ultisols and Oxisols tend to be high in clays which 
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release exchangeable K quickly but do not fix K within mineral associations (Martin & Sparks 

1985).  Tropical soils have been functionally categorized as variable-charge soils in which the 

mobility of cations like K+ and NH4+ may exceed the mobility of anions such as nitrate when 

soil pH is low (Sollins et al. 1988). Highly weathered soils may be deficient in K as well as P, 

with K limitation potentially varying systematically with soil acidity. High precipitation and 

weathering rates of most tropical lowland forests, along with high K mobility, suggest K is likely 

to be a limiting nutrient. 

Ecosystem limitation by K is an important consideration not only due to its potential to 

be easily leached but also its effects on growth and productivity. A study of root growth and litter 

decomposition in three Amazonian forests gives early evidence of K limitation in tropical 

ecosystems, with K leaching consistently more rapidly than other macronutrients under all 

experimental conditions (Cuevas & Medina 1988). Measurements of nutrient cycling by 

stemflow, throughfall and litterfall in a temperate swamp forest showed K was rapidly cycled 

with up to 93% of seasonal soil K inputs occurring via throughfall leaching (Brinson et al. 1980). 

Rapid cycling of K has also been observed in tropical agroforest species with litter leaching of K 

significantly exceeding that of P and N in all three species examined (Palm & Sanchez 1990).  

The importance of K as a limiting nutrient is also indicated by experimental evidence of plant 

responses to K availability: A meta-analysis of 38 K fertilization experiments of 26 tree species 

from temperate and tropical forests showed that 69% of studies reviewed observed a significant 

positive responses in growth to fertilization (Tripler et al. 2006). In addition, review of five 

known water-shed scale studies measuring K+ runoff showed significant decreases in K+ runoff 

during the growing season, with patterns of K+ runoff tending to mirror those of NH4+ (Tripler 

et al. 2006). Such studies suggest that K may be commonly deficient in many ecosystems, with 
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K addition frequently producing positive growth results, while largescale fluxes of K+ exhibit 

similar patterns to NH4+ indicate that similar mechanismsof biotic control may govern 

ecosystem-scale cycling of both nutrients. The broad importance of K in ecosystem function is 

becoming increasingly evident, however, its role in ecosystem nutrient cycling dynamics remains 

poorly explored in most ecosystems, and specifically in the tropics.  

 

Above and belowground nutrient demand 

Most of our understanding of nutrient demand and limitation in tropical ecosystems has 

been indirectly inferred from measurements of aboveground plant responses to fertilization or 

community scale measurements of canopy nutrient content. Stand-level trends in leaf nutrient 

abundance have been associated with changes in nutrient resorption proficiency, and total soil 

nutrient availability, suggesting aboveground nutrient concentrations are reflective of overall 

ecosystem nutrient limitation (Richardson et al. 2005). Remote sensing of canopy nutrient 

concentrations and measurements of ecosystem C flux have largely been regarded as a barometer 

for nutrient limitation on productivity, with aboveground nutrient and C dynamics presumed to 

reflect those belowground (Reich et al. 2009; Malhi & Grace 2000). Fertilization studies of 

tropical trees have shown that concentrations of N and P in leaves and twigs closely resemble the 

concentrations observed in fine roots (Li et al. 2010; Schreeg et al. 2014), indicating that 

aboveground measures of tissue nutrient concentrations are an expression of belowground 

nutrient availability; however, this approach is unable to distinguish between demand for the 

uptake of nutrient and the utilization of previously acquired nutrients.  

Measurements of plant root nutrient uptake offer a potentially direct insight into plant 

nutrient demand or acquisition capacity. Studies examining nutrient uptake have largely been 
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conducted in hydroponically grown agricultural species with little to no in situ mature trees 

studied in the tropics. While results from these studies have been central to our understanding of 

nutrient roles in physiology they do not accurately represent nutrient cycling dynamics in 

established ecosystems. Nutrient demand should be reflected through changes in the rate of 

active nutrient uptake by roots when soil fertility is altered. Nutrients that are limiting may be 

individually targeted for uptake, in cases where only one nutrient limits total plant function, or 

non-specific nutrient uptake should increase in order to access more total nutrients when one or 

more nutrients may functionally increase productivity. Changes in nutrient uptake would 

expectedly occur in conjunction with changes in growth rates, tissue nutrient concentrations, or 

alterations of physiological productivity and biomass allocation. 

Direct measurements of root nutrient uptake may allow for a more complete insight into 

nutrient demand and limitation than only aboveground measurements. A solution-depletion 

method can be used to directly measured root nutrient uptake, using roots connected to the tree 

immersed in nutrient solution to measure net changes in nutrient concentrations over time 

(Lucash et al. 2007). For example, this method has shown seasonal variation in N uptake in 

mature mid-latitude red spruce and sugar maple, with increased N uptake observed during the 

growing season and a pattern of greater nitrate (NO3-) uptake at the start of the growing season 

and greater ammonium (NH4+) uptake at the end (A. M. Socci & Templer 2011). Root uptake of 

N has also been observed to vary diurnally in mature Spruce and Beech trees with both species 

exhibiting greater uptake rates during daytime as well as a preference for NH4+ uptake with 

greater soil availability (Geßler et al. 2002a). Species specific preferences for NH4+ over NO3- 

have also been observed across coniferous and deciduous species including oaks, beeches, 

hemlocks, and maple (Templer & Dawson 2004). Differential uptake of NH4+ and NO3- has 
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been reported across multiple mid-latitude species with in-situ uptake rates ranging from 10-15 

umol/g dry weight*hr NH4+ and 1-5 umol/g dry weight*hr NO3- (BassiriRad et al. 1996; 

Högberg et al. 1998; Rothstein et al. 2000). Only one study of mature loblolly pine has so far 

observed K uptake, which exhibited similar seasonal trends as NH4+ with greater uptake in the 

early growing season (M. S. Lucash et al. 2005). Measurements of nutrient influx over short 

timescales afford the possibility of measuring subtle responses of nutrient demand to 

environmental conditions. 

Variations of this method are also readily applied to laboratory grown plants allowing for 

a uniform method to compare the nutrient uptake characteristics of seedlings to those of mature 

trees. A CO2 fertilization experiment of red maple and sugar maple seedlings showed the 

addition of CO2 did not affect N uptake rates of sugar maple, while red maple seedlings 

exhibited a significant increase in NH4+ uptake but not NO3- (Bassirirad et al. 1999). A similar 

experiment with ponderosa and loblolly pine seedlings found nitrate uptake increased in both 

species with CO2 fertilization while ammonium uptake decreased significantly in ponderosa 

seedlings (Bassirirad et al. 1997).  Soil temperature and fertility were also observed to influence 

N uptake of spruce and beech seedlings with NO3- uptake significantly inhibited by low 

temperatures and high NH4+ availability, while NH4+ uptake rates increased linearly with soil 

temperature across a range of 20° C (Arthur Gessler et al. 1998). Studies using this method have 

shown that root nutrient uptake is highly dynamic and relatively species specific, however is also 

responsive to a range of environmental variables that allow for greater quantification of the role 

of nutrient limitation in ecosystem function. Nearly all studies of mature tree root-nutrient uptake 

have been conducted in mid-latitude forests, largely with an emphasis on N uptake, leaving a gap 

in our understanding of P and K dynamics, and tropical ecosystems. 



10 
 

Hypotheses 

The aims of this study were to assess the effects of nutrient availability on rates of 

nutrient uptake and C exudates in a lowland tropical forest using a solution depletion technique. 

The study measured live, in situ root nutrient uptake of ammonium, nitrate, phosphate, and 

potassium, as well as root exudation of dissolved organic C (DOC) by mature Tetragastris 

panamensis trees in a factorial N*P*K fertilization in a Panamanian lowland tropical forest.  

This study addressed the following hypotheses: 

H1: Phosphorus addition increases uptake rates of P because it is generally considered 

limiting in the highly weathered soils of lowland tropical forests, so plants respond with 

accelerated uptake when there is increased availability of this scarce nutrient. 

H2: Increased K availability increases the uptake of K and P because it is also a rock-

derived nutrient likely to be limiting in highly weathered soils. Also, the physiological role of K 

in the transportation of other nutrients promotes accelerated uptake of other scarce nutrients like 

P.   

H3: Nitrogen addition does not affect the root uptake rates of any nutrient because 

mature lowland tropical forests on highly weathered soils already have abundant background soil 

N. 
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Materials and Methods 

Study Site and Experimental Design 

The fertilization experiment is located in the Barro Colorado Nature Monument, on the 

Gigante Peninsula (9 °06’N, 79 °54’W) in Panama. The area is comprised of mature lowland 

semi-deciduous tropical forest in a tropical monsoon climate with an average temperature of 26° 

C and mean annual rainfall of 2600mm (Windsor 1990; Vincent et al. 2010). The site 

experiences a wet season lasting from May to November. The experimental fertilization site 

contains 32 - 40 x 40 m plots of factorial NPK fertilization. The eight different treatments (N, P, 

K, NP, NK, PK, NPK, control) are replicated 4 times in random arrangement. Fertilization began 

June 1998 with nutrient addition occurring 4x/yr every 6-8 weeks during the wet season. Yearly 

doses total: 125 kg N ha–1 year–1 as coated urea, 50 kg P ha-1 year-1 as triple superphosphate, 

and 50 kg K ha-1year-1 as KCl  (Kaspari et al. 2008; Wright et al. 2011) The site was established 

on Oxisol soils developed on Miocene basalts, classified as Endogleyic Cambisols to Acric 

Nitrisols (Koehler et al. 2009) and are relatively fertile for lowland tropical forests. The species 

composition and stature of the forest are characteristic of old (>200 yr) seasonally evergreen 

lowland tropical forest (Wright et al. 2011).  

Tree Species and Sampling 

Tetragastris panamensis (Engl.) Kuntze was selected as the focal tree species for this study as it 

was common across all of the plots. Tetragastris panamensis is a shade tolerant, mid and upper 

canopy species with heights ranging from 10-35 m. In this species, root biomass accounts for 

roughly 25% of total plant C storage in sampled plants from a Costa Rican lowland rainforest 

(Uriarte et al. 2004; Calvo-Alvarado et al. 2008; Becker & Castillo 1990). Here, one mature T. 

panamensis was selected per plot, and roots were traced from the stem, gently excavated to 
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depths of ~20cm, kept in-tact and attached to the main stem, and then exposed to nutrient 

solutions for nutrient dilution experiments (see below). In plots where roots were inaccessible 

due to downed logs, steep slopes, or confounding trees nearby, a substitute tree was used in a 

previously sampled plot, thus selecting a second individual at least 5 meters away from the 

individual tree to be used as an independent replicate.  One plot from each of the C, N, P, K, NP, 

and NPK treatments required resampling of a second tree within an already sampled plot; no plot 

was sampled for more than two trees and each treatment had at least three plots sampled. For the 

purposes of this study, individual trees are used as replicates (n = 4). 

Nutrient Uptake Measurements 

We used a well-established nutrient dilution method to assess nutrient uptake rates, with 

modifications as noted (Lucash et al. 2007). Nutrient solutions consisting of distilled water, 

ammonium (NH4+), nitrate (NO3-), potassium (K+), and phosphorus (PO43-) were mixed 

together at three different concentrations in order to assess nutrient uptake with variation in 

nutrient concentration. Concentrations included: (1x) 25 umol/L NH4+, 15 umol/L NO3-, 10 

umol/L P, 20 umol/L K; (5x) 125 umol/L NH4+, 75 umol/L NO3-, 50 umol/L P, 100 umol/L K; 

(10x) 250 umol/L NH4+, 150 umol/L NO3-, 100 umol/L P, 200 umol/L K. Three roots from 

each individual tree were exposed to each of the three concentration levels, and a water-only 

concentration to collect root exudates and assess leakage of nutrients from roots. Ammonium 

was added to distilled water as ammonium chloride (NH4Cl), nitrate as sodium nitrate(NaNO3-), 

and P and K as dipotassium phosphate (K2HPO4). Mixing of solutions was done in batches every 

3-6 days to avoid nitrification over extended periods.  Roots were placed into 50 mL centrifuge 

tubes filled to 40ml for each concentration. Three replicate vials for each of the three 

concentration levels were used for each tree, plus water replicates, for a total of 12 vials per tree. 
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Twelve roots from each tree were gently excavated, rinsed with DI water, and inserted 

into sample vials. Vials were aerated for the duration of the experiment to avoid anaerobic 

conditions. Roots were exposed to solution for 3–4 hours after which roots were clipped at the 

point of entry to the solution, removed, and dried at 60 ℃ until weight stabilized and weighed. 

The solutions were filtered through pre-rinsed Whatman Grade 1 filters (>11um particle 

retention), then frozen for analysis on the same day they were collected. One control vial at each 

concentration was also included without inserting a root to assess any background effects or 

variation in nutrient concentrations.  

Vials were weighed before and after solutions were added to measure changes in solution mass 

and try to quantify passive nutrient acquisition through water uptake. Water-only solutions were 

used to assess water intake and measure background root leakage of nutrients and carbon. 

Changes in solution mass within vials are not significantly affected by, or correlated with, any 

treatment or covariate. Vials were weighed on a scale accurate to three digits; mean solution 

weights and standard deviations before and after the experiment for each treatment were 

measured (Table 1). 

Nutrient Uptake Calculations 

Gross uptake rates for individual roots were calculated as the net uptake of each root 

minus the average rate of nutrient leakage for the sampled tree. Net uptake rates are calculated as 

the difference in nutrient concentration between the nutrient-control (i.e. no root) vial, and the 

experimental vial, divided by the dry root weight in grams (g dw) and experiment duration (M. 

S. Lucash et al. 2005). Rates of nutrient leakage and carbon exudation were calculated similarly 

for water-only vials. The rates of nutrient leakage from the three water-only exposed roots were 

averaged to produce an average rate of leakage for each nutrient for the tree. Gross uptake rates 
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were used in our analysis to correct for the effects of root leakage. The final units for gross 

uptake are in micromoles per liter per gram dry weight per hour (umol/L*g dw*hr).  

Gross uptake: 

(𝑋𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑅𝑜𝑜𝑡𝑉𝑖𝑎𝑙 − 𝑊𝑎𝑡𝑒𝑟𝐵𝑙𝑎𝑛𝑘) − (𝑋𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝐵𝑙𝑎𝑛𝑘 − 𝑊𝑎𝑡𝑒𝑟𝐵𝑙𝑎𝑛𝑘)

𝑅𝑜𝑜𝑡𝑊𝑒𝑖𝑔ℎ𝑡 ∗ 𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑇𝑖𝑚𝑒

− (𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑟𝑜𝑜𝑡 𝑙𝑒𝑎𝑘𝑎𝑔𝑒(𝑏𝑒𝑙𝑜𝑤)) 

Average root leakage: 

(𝑤𝑎𝑡𝑒𝑟𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛1 − 𝑤𝑎𝑡𝑒𝑟𝐵𝑙𝑎𝑛𝑘) + ⋯ (𝑤𝑎𝑡𝑒𝑟𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛3 − 𝑤𝑎𝑡𝑒𝑟𝐵𝑙𝑎𝑛𝑘)

3
  

Statistical methods 

Analysis of variance (ANOVA) and analysis of covariance (ANCOVA) models were 

used to assess treatment effects on the uptake rates of each nutrient individually. ANOVA and 

Tukey post-hoc analysis (see below) of concentration effects on uptake found no significant 

differences in uptake rates across the three nutrient concentrations, although the 5x and 10x 

concentrations appeared to be the least different across all concentrations (Table 2). Accordingly, 

data were averaged across all concentrations; for each dataset pseudoreplicates (individual root 

uptake rates) were averaged at the tree level without distinction between the concentrations 

included in the dataset. 

A one-way ANCOVA was used to evaluate effects of N, P, K, and their two-way 

interactions, with tree diameter (DBH) as a covariate. Formally expressed in R the formula is 

“Nutrient ~ (N+P+K)^2+DBH” which is equivalent to “Nutrient ~ 

(N+P+K+N*P+N*K+P*K)+DBH”. A simplified ANOVA model using only N, K and their 

interaction as predictors appeared to be the best model for all nutrients; written in R as 
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“Nutrient~(N*K)”. Results from the simplified model are presented alongside full model results 

for both datasets. Due to a loss of samples, our K uptake and DOC datasets remain incomplete 

and will therefore not be discussed in the results; the extent of the recovered K uptake and DOC 

data is presented in Table 3 along with ammonium, nitrate, and phosphate tree replicates.  

A complementary mixed effects model using individual trees as an error term, in addition 

to the model formula above, was used to assess the effects of fertilization on nutrient uptake. For 

this method outliers with a Z-score of 3.5 or greater were removed from each treatment group 

and the remaining data were analyzed as described for a standard ANOVA except with an error 

term. This analysis precluded the use of p-scores as the package does not give them. Post-hoc 

analysis, as described below, is similarly non-applicable to this examination, therefore discussion 

of differences in results between the mixed effects and ANOVA models will remain limited.  

A Tukey Honestly Significant Differences (HSD) post-hoc test was used as a post-hoc 

examination of the ANOVA results. Tukey’s HSD tests all pairwise comparisons, while 

controlling the probability of making one or more Type I errors, producing a conservative 

measure of significant differences between treatment combinations. Tukey’s HSD is used for 

post-hoc interpretation of significant ANOVA results in order to determine what differences 

between treatment groups are resulting in ANOVA significance. ANOVA/ANCOVA and 

Tukey’s post-hoc are both suitable for datasets with unequal variance in sample sizes. Our data 

was slightly unbalanced in the pseudoreplication across individual trees resulting in slight 

differences in plot and pseudoreplicate measurements. Tree replicates, and root pseudoreplicates, 

are shown by the treatment groups in Table 4; with slightly fewer pseudoreplicates evidenced at 

the 10X concentration in the N- and K-only addition plots. Tree and plot replication, along with 
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mean uptake rates and standard deviation for each nutrient uptake by treatment, are shown in 

Table 5. All analyses conducted in R (R core team 2015).  

 

Results 

Both the full ANCOVA and simplified ANOVA models showed significant effects of an 

N*K interaction on the uptake rates of ammonium, nitrate, and phosphate. Significant effects on 

the uptake rates of each nutrient, and DOC exudation, are shown in Table 5 with the results from 

each the model tested, and an asterisk noting incomplete datasets. Ammonium uptake was 

significantly affected by an N*K interaction in both models (p<0.05), with model results 

improving noticeably with the removal of DBH as a covariate. Nitrate uptake was very 

significantly affected by and N*K interaction in both models (p< 0.005), with a marginally 

significant effect of P addition on uptake in the full model. Phosphate uptake was significantly 

affected at the P<0.05 level by an N*K interaction in each model. Potassium uptake was 

significantly affected by an N addition, and N*K interaction effect, while DOC was significantly 

affected by a P*K interaction; however, as these results are based on incomplete datasets, their 

significance will be reported in Table 6 but not mentioned in later discussion. P-values for 

individual predictor variables in the ANCOVA and ANOVA models, along with their model 

statements, are given in Table 7, Table 8, and Table 9, for ammonium, nitrate, and phosphate 

respectively. P-values of individual model predictors for K uptake and DOC exudation are 

presented in Tables 10 and 11 respectively.  

DBH had no effect on nutrient uptake and model results improved when it was removed 

as a covariate suggesting that it is not a strong determinant of nutrient uptake; and therefor that 

seedling studies may be accurate estimations of mature tree uptake rates for Tetragastris 
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panamensis and other tropical species. The DBH of the sampled trees ranged from 84-564 mm, 

with a mean of 186.36 and a standard deviation of 108.04. A one-sided t-test of mean uptake 

rates of NH4+ and NO3-, regardless of treatment, showed no significant differences at p=0.05 (p 

= 0.067) between the two forms of N. 

A Tukey Honestly Significant Differences test (HSD) was used as a conservative post-

hoc test to explore what differences between treatment groups were potentially responsible for 

the significant interaction. The Tukey HSD post-hoc was applied using the simplified model 

formula using only N and K as predictors of nutrient uptake; this compared the means of all 

combinations of N and K fertilized plots to each other and corrected for multiple comparisons in 

order to determine which treatment combinations were significantly different. Treatment 

combinations are expressed as the absence (0) or presence (1) of either N or K, with each 

combination of treatments on the left side of the dash being compared to those on the right. The 

adjusted p-values for Tukey’s HSD are given for each nutrient in Table 12 with an asterisk 

denoting a significant difference in nutrient uptake between treatment groups. 

A Tukey HSD plots indicate significant differences between groups as a sideways 

boxplot where no overlap occurs between the whiskers and the zero line – the 95% confidence 

interval that a group’s true mean is significantly different from the zero line, the mean of all 

groups. The relative difference in uptake rates between plots can be assessed from plots of 

Tukey’s HSD; ammonium uptake was significantly lower in N and K fertilized plots versus 

uptake in N fertilized as indicated by the non-overlapping boxplot and center line in Figure 1. No 

other significant differences between individual treatment groups was observed for ammonium, 

however boxplots of ammonium uptake rates with illustrate the antagonistic relationship between 

N and K on uptake (Figure 2). Nitrate uptake showed a significant increase in N-only fertilized 
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plots relative to control, and a decrease in N and K fertilized plots compared to N-only fertilized 

plots (Figure 3). This shows a negative interaction between the presence of N and K on nitrate 

uptake with single nutrient fertilization producing greater increases in uptake than fertilization 

with both nutrients (Figure 4). The same pattern of seemingly greater uptake rates with single 

nutrient addition is observed for phosphate in Figure 5. Phosphate uptake showed a nearly 

significant decrease (p=0.0631) in uptake in N and K fertilized plots compared to N-only 

fertilized plots (Figure 6). There were no significant differences observed between treatments in 

the Tukey’s HSD for phosphate however the overall N * K interaction effect was significant in 

the ANOVA model.  

Although non-significant, a consistent pattern was observed in the differences between 

treatment groups for all nutrients (Figures 1-6): notably that the addition of N and K in 

combination reduces uptake rates compared to N addition alone. Additionally, N appears to 

consistently, although not-significantly, increase nutrient uptake relative to control plots. This 

suggests an negative relationship between N and K where addition of either nutrient singly is 

likely to increase nutrient uptake rates while an interaction between N and K depresses uptake of 

all nutrients. 

A linear mixed effects model of nutrient uptake showed that solution concentration, along 

with N and P, were most likely to affect nutrient uptake rates instead of the N*K interaction. 

ANOVA F-values for the mixed linear effects model of phosphate uptake are shown in Table 13 

and suggest that concentration and N were the dominant influences on uptake, while t-values 

indicate K interactions with N or P may be qualitatively different than other fertilization effects. 

ANOVA results for NH4+ uptake show that only concentration produced a large effect on NH4+ 

uptake while no other nutrient appeared to strongly influence uptake (Table 14). In contrast, 
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NO3- uptake appeared to be much more sensitive to the effects of N and P, and their interactions, 

than NH4+ (Table 15). T-values for K interactions are also evidenced for NH4+ and NO3- 

uptake suggesting that K is producing a universal effect on the uptake of macronutrients, 

however the dynamics and drivers of this potential effect are uncertain. 

Root Exudates 

  A significant P*K relationship in DOC exudation may be the result of P effects on root 

dynamics however the incomplete DOC dataset makes this result insufficient to suggest a direct 

correlation. A boxplot of the incomplete DOC data shows exudation rates as they vary with the 

presence of added N and K (Figure 7). 

 

Discussion 

Response to nitrogen addition 

Nutrient solution-depletion methods have examined the uptake of N, as NH4+ and NO3-, 

more extensively than other nutrients, however, few studies have directly addressed the effects of 

altered relative N availability on nutrient uptake. Uptake rates of mature in situ spruce and maple 

trees both showed significantly greater uptake  of NH4+ than NO3- in all seasons; with the early 

growing season showing the lowest uptake rates for NH4+ and NO3-, 0-6 umol/g dw*hr and -5 – 

0.5 umol/g dw*hr respectively, while uptake rates in the late fall showed an increase in NH4+ 

uptake up to 25 umol/g dw*hr (A. Socci & Templer 2011). Mature beech trees evidenced uptake 

rates of 0.25-1.5 umol/g fresh weight (fw)* hr in two studies that did not record concurrent NO3- 

uptake (Geßler et al. 2002b; A Gessler et al. 1998), while mature loblolly pine showed NH4+ 

uptake rates of 1-4 umol/g dw*hr which were significantly higher than those of NO3- (M. 

Lucash et al. 2005). Seedlings of two maple species exposed to the same solution-depletion 
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method showed uptake rates of NH4+ between 2 and 10 umol/g dw*hr, for external NH4+ 

concentrations <100 umol/L, while NO3- uptake was consistently lower (Bassirirad et al. 1999). 

While the preference for NH4+ in midlatitude species has been widely observed only one study 

of NH4+ uptake rates across an N deposition gradient provides evidence for the effect of N 

availability on uptake rates. Using a labeled isotope modification of the depletion method uptake 

rates of beech, spruce, pine and birch across an N deposition gradient showed greater N uptake in 

sites with higher N deposition (Högberg et al. 1998). A compilation of reported uptake ranges is 

shown in Table 16 for comparison with our results. Our data show similar uptake rates to those 

of NH4+ in mid-latitude species, with the indication that N uptake may be stimulated with N 

addition, however, our data showed only marginally significant differences in the uptake rates of 

NH4+ versus those of NO3- for mature Tetragastris panamensis. 

Demand for N and P have also been inferred by measurements of nutrient concentrations 

in plant tissues and changes in root biomass. Tropical tree seedlings grown under experimental 

water and nutrient regimes showed leaf N:C ratios significantly increased in response to low soil 

water content and N fertilizer addition (Cernusak et al. 2010). In contrast, leaf P:C ratios were 

only moderately affected by nutrient availability and water content, suggesting greater sensitivity 

of nutrient uptake to N availability (Cernusak et al. 2010). In the same factorial fertilization 

experiment this study was conducted in N addition increased fine root biomass (FRB) in the top 

five cm (Yavitt et al. 2011).Tissue nutrient concentrations in a tropical pioneer species showed 

that the transpiration rate of the plant provided a significant control on uptake and varied with N 

availability, not P (Garrish et al. 2010). Our results suggest that N availability plays a significant 

role in the uptake of nutrients, by its interaction with K as well as the seemingly increased uptake 

rates of all nutrients relative to control and NK plots when added alone. Uptake of NO3- 



21 
 

appeared to be more significantly affected by nutrient availability than that of NH4+ (p=0.00503 

and p=0.0238 respectively in the simplified model), following observations of mid-latitude 

forests that demand each form of N may be sensitive to soil N conditions. Our data support the 

interpretation that these forests are at least partially limited by N and that the availability of N 

may influence nutrient acquisition via effects on transpirational control of nutrient uptake. 

Response to phosphorus addition 

P uptake studies in the literature are rare for tropical and non-crop species thus 

interpretation of our results relies on context by other ecological studies inferring nutrient 

demand and cycling. In our study site FRB increased with P addition but decreased with 

simultaneous P and N addition (Wurzberger and Wright 2015). An N by P factorial fertilization 

experiment in a secondary tropical forest in China found that P addition increased P 

concentrations throughout the plant, although P concentrations decreased when N and P were 

added simultaneously (Mo et al. 2015).  A meta-analysis of root phosphatase production in 

relation to soil fertility found that N fertilization increased phosphatase exudation, promoting the 

uptake of P, while P addition suppressed phosphatase production (Marklein and Houton 2012). 

Decreases of phosphatase production under P fertilization have been observed even in P limited 

forests (K. Treseder & Vitousek 2001). These studies suggest that addition of P induces a greater 

demand for nutrients, however specifically not for additional P, an effect which decreases when 

N is abundant. With a simultaneous increase in root biomass and decrease in phosphatase 

production, the addition of P appears to promote nutrient acquisition by altering C investment in 

root tissue instead of phosphatase C-exudation in order to increase long-term passive nutrient 

acquisition. Our study does not allow a determination of changes in total nutrient uptake due to 
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changes in root biomass, however, our results show that P did not affect the active uptake rates 

of any nutrients, despite P uptake being significantly affected by the availability of N and K. 

A pattern of N limitation underlying potential P limitation is also indicated by studies of 

aboveground nutrient and C cycling dynamics. Measurements of seedling photosynthetic 

capacity from two tropical tree species grown under factorial N*P fertilization showed that P 

addition increased the potential photosynthetic use of N (Zhu et al. 2013). This relationship was 

also observed in a global meta-analysis of foliar N:P ratios and photosynthesis traits; N 

availability exhibited a significant positive relationship with maximum photosynthetic capacity, 

however, the slope of the N-photosynthesis relationship was related to P availability (Reich et al. 

2009). Another meta-analysis of photosynthetic responses of tropical plants to N and P found the 

same relationship (Walker et al. 2014), also noting that plants may employ different nutrient 

cycling strategies to maximize photosynthesis while adapting to nutrient or light limitation. This 

suggests that N availability may inherently underlie demand for, and limitation by, P as the 

capacity to utilize P efficiently is strongly determined by the presence of N. Seemingly, the 

addition of P produced responses that promoted increased uptake of N, while the addition of N 

increased uptake of both N and P in our dataset, suggesting plants may be continuously limited 

by N regardless of P availability.  

Response to potassium addition 

Potassium may not only be a limiting nutrient but may indirectly induce colimitation of 

other nutrients due to its role as a facilitator of nutrient transport. Only two recent studies have 

measured K uptake in tree seedlings. One study of temperate loblolly pine seedlings uptake rates 

of N, K, and micronutrients showed that K+ uptake was consistently positive across 

experimental parameters while NH4+ and NO3- uptake rates were highly variable (Lucash et al. 
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2008). A study of mature loblolly pine uptake using the same solution depletion method 

observed that K+ and NH4+ uptake were similar at the start and end of the growing season, 

while in July both K+ and NH4+ exhibited a net efflux (M. Lucash et al. 2005). While the nature 

of the relationship between N and K is unclear, measurements of root traits in the Panamanian 

factorial fertilization plots showed lower tissue density with K addition (Wurzburger & Wright 

2015). Root density exhibits a negative linear relationship to nutrient uptake capacity with thin, 

low density roots producing the greatest rates of uptake (Eissenstat 1992; Comas et al. 2002) 

indicating K availability may potentially limit the uptake rates of other nutrients via effects on 

root morphology. The uptake and transport of N and other nutrients through the plant is highly 

dependent on K availability (Marschner 2011); with increased aboveground growth, and 

decreased root biomass observed in response to K fertilization, a complementary shift in nutrient 

cycling dynamics may also occur. 

N by K interaction 

 Our results suggest an antagonistic effect between N and K availability on nutrient 

uptake, with significantly lower uptake rates of all nutrients in plots with N and K versus those 

with N or K alone. This would apparently contradict previous findings from the same experiment 

where the relative growth rates of trees from 9-100 cm DBH increased under N*K addition more 

than all other treatment combinations (Wright et al. 2011). A significant negative effect of N on 

soil K availability was also observed in the same plots with greater concentrations of extractable 

K found in plots fertilized with K and no N (K, PK), intermediate levels of K in control, P, and 

NK fertilized plots (C, P, NK, NPK), and the lowest extractable K in plots with added N and no 

K (N, NP) (Yavitt et al. 2011). Chronic N addition in the plots acidified soils leading to reduced 

base cation (K and Calcium (Ca)) availability (Turner et al. 2012). These results appear to 



24 
 

require a reconciliation between the observed decrease in nutrient uptake rates in this study, the 

reduction of available K in N fertilized plots, and the concurrent increase in relative growth rates 

under N and K fertilization. If plant growth and nutrient cycling strategies are expected to adapt 

in order to manage new patterns of nutrient colimitation the optimization of productivity may 

require a shift away from reliance on nutrient uptake and emphasize greater reliance on internal 

nutrient cycling in order to maximize resource use. 

Ecosystem colimitation 

Nitrogen addition altered photosynthetic capacity, root biomass, and nutrient uptake rates 

in our lowland tropical forest suggesting dynamic responses above and belowground to 

maximize growth potential. Aboveground N availability was directly related to the maximum 

photosynthetic capacity of plants and belowground to the acquisition of N and P. Phosphorus, in 

contrast, showed no effect on the uptake rates of nutrients in our study and appears to decrease 

active acquisition of P in other studies in favor of promoting greater fine root biomass to acquire 

other limiting nutrients, primarily N. K availability promotes growth in a majority of K fertilized 

species indicating the potential for widespread K limitation. Meta-analysis of undisturbed 

watershed nutrient runoff showed that K+ and  NO3- runoff exhibited similar patterns, with 

NO3- concentrations in runoff having been previously associated with biotic activity and control 

(Tripler et al. 2006).These results suggest both N and K may be under the control of similar 

biotic influences. Our results indicate a similar relationship between N and K in lowland tropical 

forests with both directly affecting nutrient demand. The evidence suggests these lowland 

tropical forests may be primarily limited by N and K as N addition promotes greater uptake of all 

nutrients, including N. K availability is directly tied to root tissue uptake capacity, nutrient 
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transportation within the plant, and stomatal control of water loss, all of which are likely to affect 

plant growth when K is deficient. 

Conclusions 

 Uptake rates of ammonium, nitrate, and phosphate were all significantly affected by and 

N*K interaction which produced seemingly greater nutrient uptake rates when N and K were 

added separately, while simultaneous N and K addition suppressed the uptake of all nutrients. 

The N*K interaction may be a result of an antagonistic effect of N availability on K abundance, 

with greater N increasing soil acidity and reducing available. Alternately, with the removal of N 

and K limitation, and the observed increase in growth rates of trees in NK fertilized plots, plant 

nutrient cycling strategies may have shifted towards greater internal recycling of nutrients to 

optimize growth in the altered soil conditions. Although N and K addition appeared to suppress 

nutrient uptake, the addition of K is frequently associated with decreases in root density and 

increased nutrient uptake capacity suggest potentially more intricate relationships between N and 

K demand. Preferential acquisition of ammonium versus nitrate were not observed in this 

experiment, in contrast to in-situ studies of midlatitude forests, however the observed uptake 

rates of all nutrients were similar to those observed in other ecosystems. 
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Appendix A: Tables and Figures. 

Table 1: Average vial, root and solution weight across each treatment group, including the mean net change in solution and standard 

deviations of net change and root weight. The standard deviation is greater than the mean net change in solution weight for every 

treatment therefore these data were not considered a reliable measure of passive uptake.  The solution had a density of water therefore 

1 g of solution is equivalent to 1 ml of solution.  

 

Treatment Mean vial 

weight (g) 

Pre-experiment 

solution weight 

(g) 

Post-experiment 

solution weight 

(g) 

Mean change of 

solution weight 

(g) 

Mean 

change 

standard 

deviation 

Mean root 

weight (g) 

Root weight 

standard 

deviation 

C 12.513 39.287 39.088 -0.198 0.671 0.098 0.183 

N 12.486 39.425 39.058 -0.367 1.016 0.061 0.066 

P 12.499 39.312 39.129 -0.182 1.184 0.043 0.035 

K 12.483 40.621 40.368 -0.252 0.309 0.082 0.068 

NP 12.488 39.886 39.617 -0.268 1.322 0.032 0.047 

NK 12.572 39.771 38.925 -0.846 3.161 0.051 0.056 

PK 12.477 39.761 39.435 -0.326 0.729 0.072 0.034 

NPK 12.494 39.967 39.394 -0.572 1.582 0.045 0.042 

Table 1. 
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Table 2: Adjusted p-values of Tukey’s post-hoc HSD for significant differences in nutrient 

uptake by nutrient solution concentrations. Nutrient concentration had no significant effect on 

the uptake of any nutrient. 

 Adjusted p-value of significant differences in nutrient uptake 

for each group comparison 

Concentration comparison Ammonium Nitrate Phosphate 

1x-10x 0.5403689 0.9789479 0.5733349 

5x-10x 0.9278553 0.9905528 0.9834319 

5x-1x 0.3234860 0.9976549 0.4614213 

Table 2. 

 

Table 3: Nutrient uptake and DOC exudation data as replicate trees per treatment. 

Treatment Ammonium 

uptake 

replicates 

Nitrate 

uptake 

replicates 

Phosphate 

uptake 

replicates 

Potassium 

uptake 

replicates 

DOC exudate 

replicates 

C 5 5 5 1 5 

N 4 4 4 0 4 

P 4 4 4 0 1  

K 4 4 4 4 0 

NP 4 4 4 4 4 

PK 4 4 4 4 4 

NK 4 4 4 4 4 

NPK 4 4 4 4 4 

Table 3 
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Table 4: Plot, tree replicate and concentration pseudoreplicate sample size per treatment. 

 Treatment 

 C N P K NP NK PK NPK 

Plots  4 3 3 3 3 4 4 3 

Trees 5 4 4 4 4 4 4 4 

1x root 12 12 12 12 11 9 12 11 

5x root 14 11 11 11 11 9 12 11 

10x root 11 8 12 9 12 12 12 12 

Water root 12 11 6 13 11 10 12 12 

Table 4. 
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Table 5: Mean nutrient uptake rates and standard deviations by treatment, plot and tree replicates. 

Treatment Tree 

replicates 

(n) 

Plot 

replicates 

(n) 

Ammonium mean 

uptake (umol/L*g 

dw*hr) 

Ammonium 

standard 

deviation 

Nitrate mean 

uptake (umol/L*g 

dw*hr) 

Nitrate 

Standard 

deviation 

Phosphate 

mean uptake 

(umol/L*g 

dw*hr) 

Phosphate 

standard 

deviation 

C 5 4 0.272923 1.187487 -0.05087 1.6457 0.007498 0.829154 

N 4 3 2.916963 5.97381 1.601351 4.4895 2.374873 5.486229 

P 4 3 2.277881 5.484336 0.660519 2.5143 1.116852 1.860983 

K 4 3 2.059624 2.960132 0.73735 2.0304 1.388245 2.916334 

NP 4 3 9.031253 14.93135 10.2006 17.512 6.425117 10.66006 

NK 4 4 -1.76724 22.12135 0.206362 20.627 1.014086 20.61849 

PK 4 4 4.065688 9.633203 3.082976 9.4116 3.4255 10.29812 

NPK 4 3 -2.93607 24.48948 -1.33479 19.352 -1.70751 21.5646 

Table 5. 

 

 



30 
 

 

Table 6: Comparison of significant treatment effects on the uptake rates of each nutrient between 

the different models, with each model statement described above. P-values are all significant at 

alpha <0.05. The incomplete potassium uptake and DOC exudation datasets are marked with an 

asterisk *. 

 Model used 

 Full model Intermediate 

model 

Simplified 

model 

Alternate 

simplified model 

Model statement (N+P+K)^2+DBH (N+P+K)^2 (N+K)^2 (P*K)^2 

Significant 

effects on 

ammonium 

uptake 

N*K (p=0.0457) N*K (p=0.028) N*K 

(p=0.0238) 

- 

Significant 

effects on nitrate 

uptake 

N*K (p=0.0042) P (p=0.0418), 

N*K (p=0.0035) 

N*K 

(p=0.005) 

- 

Significant 

effects on 

phosphate 

uptake 

N*K (p=0.0421) N*K (p=0.0278) N*K 

(p=0.0219) 

- 

Significant 

effects on 

potassium 

uptake * 

N (p=0.00714) N (p=0.00656), 

N*K 

(p=0.03603) 

N (p=0.044), 

N*K 

(p=0.0160) 

- 

Significant 

effects on DOC 

exudation * 

P*K (p=0.0174) P*K (p=0.0351) -  P*K (p=0.035) 

Table 6 
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Individual nutrient model results 

Table 7: Ammonium response to model predictors across ANOVA/ANCOVA models and 

datasets. Significant p-values at the 0.05 threshold are denoted with an asterisk. 

 Full model p-values Simplified model p-values 

Model predictors Ammonium~(N+P+K)^2+DBH Ammonium~(N+K)^2 

N 0.611 0.6060 

P 0.2098 - 

K 0.0954 0.1072 

NK 0.0457 * 0.0238 * 

PK 0.7997 - 

NP 0.3440 - 

DBH 0.3440 - 

Table 7. 

 

Table 8: Nitrate response to model predictors across ANOVA/ANCOVA models and datasets. 

Significant p-values at the 0.05 threshold are denoted with an asterisk. 

 Full model p-values Simplified model p-values 

Model predictors Nitrate~(N+P+K)^2+DBH Nitrate~(N+K)^2 

N 0.28797 0.2896 

P 0.06921 - 

K 0.07439 0.0865 

NK 0.00426 ** 0.00503 ** 

PK 0.29348 - 

NP 0.503 - 

DBH 0.75043 - 

Table 8. 
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Table 9: Phosphate response to model predictors across ANOVA/ANCOVA models and 

datasets. Significant p-values at the 0.05 threshold are denoted with an asterisk. 

 Full model p-values Simplified model p-values 

Model predictors Phosphate~(N+P+K)^2+DBH Phosphate~(N+K)^2 

N 0.9973 0.9559 

P 0.3296 - 

K 0.2278 0.2164 

NK 0.0421 * 0.0219 * 

PK 0.6491 - 

NP 0.7467 - 

DBH 0.5714 - 

Table 9. 

Table 10: Potassium response to model predictors across ANOVA/ANCOVA models and 

datasets. Significant p-values at the 0.05 threshold are denoted with an asterisk. The potassium 

dataset is incomplete due to missing uptake data from N- and P-only fertilized plots 

 Full model p-values Simplified model p-values 

Model predictors Potassium~(N+P+K)^2+DBH Phosphate~(N+K)^2 

N 0.00714 * 0.00404 * 

P 0.54153 - 

K 0.12260 0.1682 

NK 0.06105 0.0160 * 

PK - - 

NP 0.17569 - 

DBH 0.77433 - 

Table 10. 
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Table 11: DOC exudation response to model predictors across ANOVA/ANCOVA models and 

datasets. Significant p-values at the 0.05 threshold are denoted with an asterisk. The DOC dataset 

is incomplete due to missing uptake data from K-only fertilized plots 

 Full model p-values Simplified model p-values 

Model predictors DOC~(N+P+K)^2+DBH DOC~(P+K)^2 

N 0.1378 - 

P 0.9046 0.870 

K 0.2530 0.271 

NK 0.8721 - 

PK 0.0174 * 0.035 * 

NP 0.4630 - 

DBH 0.5714 - 

Table 11. 

Table 12: Adjusted p-values of Tukey post-hoc test for significant differences between treatment 

combinations. Significant differences (p<0.05) in the uptake rates of each nutrient are denoted 

with an asterisk for each treatment combination. 

Treatment comparison Tukey HSD adjusted p-values  

N:K - N:K ammonium nitrate phosphate 

1:0 – 0:0 0.55562 0.03165 * 0.31502 

0:1 – 0:0 0.96495 0.83343 0.86205 

1:1 – 0:0 0.37892 0.93542 0.78431 

0:1 – 1:0 0.84003 0.20247 0.78071 

1:1 – 1:0 0.03607 * 0.00975 * 0.06312 

1:1 – 0:1 0.19701 0.51599 0.35610 

Table 12. 
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Table 13: Mixed effects model ANOVA F-values for PO43- uptake, including t-values for fixed 

effects. Results suggest concentration, N, P*K, and P have the greatest influence on uptake, in 

that order. The t-scores of the fixed effects suggest that interactions between K and N or P are 

qualitatively different than those of any individual nutrient or N*P interaction. 

ANOVA results Linear fixed effects 

 Degrees of freedom F value  t-value 

Conc 2 3.0348 Intercept 0.378 

N 1 2.5126 Conc 1x -2.394 

P 1 1.2451 Conc 5x -0.905 

K 1 0.3940 N 0.767 

N:P 1 0.5516 P 0.909 

N:K 1 0.2706 K 0.621 

P:K 1 1.3995 N:P 0.735 

- - - N:K -0.506 

- - - P:K -1.183 

Table 13. 
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Table 14: Mixed effects model ANOVA F-values for NH4+ uptake, including t-values for fixed 

effects. Results suggest concentration had the greatest influence on uptake, with minimal effects 

from nutrient availability. The fixed effects show that interactions between K and N or P are 

qualitatively different than those of any individual nutrient or N*P interaction. 

ANOVA results Linear fixed effects 

 Degrees of freedom F value  t-value 

Concentration 2 8.7833 Intercept 0.820 

N 1 0.9317 Conc 1x -4.151 

P 1 0.8209 Conc 5x -1.791 

K 1 0.5520 N 0.753 

N:P 1 0.6228 P 0.753 

N:K 1 1.3353 K 0.919 

P:K 1 1.3952 N:P 0.789 

- - - N:K -1.148 

- - - P:K -1.181 

Table 14. 
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Table 15: Mixed effects model ANOVA F-values for NO3- uptake, including t-values for fixed 

effects. Results suggest that N and P had the greatest effect on uptake, with K alone exhibiting 

the least effect. The fixed effects show that interactions between K and N or P are qualitatively 

different than those of any individual nutrient or N*P interaction. 

ANOVA results Linear fixed effects 

 Degrees of freedom F value  t-value 

Conc 2 2.0994 Intercept -0.564 

N 1 4.5798 Conc 1x -1.713 

P 1 4.0589 Conc 5x 0.021 

K 1 0.5327 N 1.159 

N:P 1 2.2101 P 1.146 

N:K 1 1.9999 K 1.222 

P:K 1 2.0715 N:P 1.486 

- - - N:K -1.403 

- - - P:K -1.439 

Table 15. 
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Table 16: Reported uptake ranges of NH4+ and NO3- by studies using intact root solution-

depletion methods on multiple tree species. A consistent pattern of preference for NH4+ is 

evident in most mid-latitude species. None of the studies listed measured uptake in a planned 

fertilization experiment. Note that units of uptake rates vary with study. 

Species Tree age In situ NH4+ uptake NO3- uptake Study 

Sugar 

maple 

Mature Yes 0-5 

umol/g*hr 

0-3 umol/g*hr (Campbell et al. 2014) 

Beech 

and 

Spruce 

Mature Yes 0.1-0.9 

umol/g(fresh 

weight)*hr 

- (Geßler et al. 2002b) 

Beech 

and 

Spruce 

Mature Yes 0.25 – 1.5  

umol/ g(fresh 

weight)*hr 

- (Arthur Gessler et al. 1998) 

Beech, 

Spruce, 

Pine, 

Birch 

Mature Yes 2-10 

nanogram 

isotopic N 

tracer/g*hr 

0-2 nanogram 

labeled 

isotopic N 

tracer/g*hr 

(Högberg et al. 1998) 

Loblolly 

pine 

Mature Yes 1-4 

umol/L*g*hr 

- (M. Lucash et al. 2005) 

Sugar 

maple 

Mature Yes 0-5 

umol/g*hr 

-0.5 - 0.5 

umol/g*hr 

(A. Socci & Templer 2011) 

Sugar 

maple, 

Red 

maple 

Seedling No 2-10 

umol/L*g*hr - 

at external 

concentrations 

of <100 

umol/L 

1-6 

umol/L*g*hr -at 

external 

concentrations 

of <100 umol/L 

(Bassirirad et al. 1999) 

 

Loblolly 

pine 

Seedling No 400-500 

umol/g*day 

30-50 

umol/g*day 

(BassiriRad et al. 1997) 

Ponderosa 

pine 

Seedling No 50-75 

umol/g*day 

50-60 

umol/g*day 

Loblolly 

pine 

Seedling No - 1 umol/ g(fresh 

weight)*hr 

(Lucash et al. 2008) 

Aspen Seedling No 0-12 

umol/g*hr 

0-2 umol/g*hr (Rothstein et al. 2000) 

Table 16.  
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Figure 1: Tukey HSD boxplot of significant differences in NH4+ uptake between treatment 

groups adjusted for multiple comparisons.  Significant differences are evidenced where sideways 

boxes do not overlap with the line at 0 on the x-axis. Uptake rates of NH4+ are significantly 

lower in plots fertilized with N and K compared to those fertilized with K alone. 
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Figure 2: Box plots of NH4+ uptake rates with N and K fertilization. Fertilization with N or K 

alone appears to increase uptake rates relative to control and N*K fertilized plots. Nitrogen and 

K appear to exhibit an antagonistic relationship with NH4+ uptake rates similar to control with 

combined N*K addition. 
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Figure 3: Tukey HSD boxplot of significant differences in NO3- uptake between treatment 

groups adjusted for multiple comparisons.  Significant differences are evidenced where sideways 

boxes do not overlap with the line at 0 on the x-axis. Uptake rates of NO3- are significantly 

lower in plots fertilized with N and K compared to those fertilized with K alone and are 

significantly higher in N fertilized plots compared to control. 
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Figure 4: Box plots of NO3- uptake rates with N and K fertilization. Fertilization with K alone 

does not appear to increase uptake rates. Addition of K to N fertilized plots strongly reduces 

NO3- uptake rates. 
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Figure 5: Tukey HSD boxplot of significant differences in PO43- uptake between treatment 

groups adjusted for multiple comparisons.  Significant differences are evidenced where sideways 

boxes do not overlap with the line at 0 on the x-axis. Phosphate uptake is nearly significantly 

lower in plots fertilized with N and K compared to those fertilized with N alone. 
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Figure 6: Box plots of PO43- uptake rates with N and K fertilization. Nitrogen and K appear to 

interact negatively with simultaneous K and N addition reducing PO43- uptake compared to 

added N-only plots. 
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Figure 7: Box plots of DOC exudation rates with N and P fertilization. Fertilization with N and 

P do not appear to significantly affect DOC exudation. This result may be due to an incomplete 

DOC dataset. 
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