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Abstract: There is a long history of experimental research in the Luquillo Experimental Forest in

Puerto Rico. These experiments have addressed questions about biotic thresholds, assessed why

communities vary along natural gradients, and have explored forest responses to a range of both

anthropogenic and non-anthropogenic disturbances. Combined, these studies cover many of the

major disturbances that affect tropical forests around the world and span a wide range of topics,

including the effects of forest thinning, ionizing radiation, hurricane disturbance, nitrogen deposition,

drought, and global warming. These invaluable studies have greatly enhanced our understanding

of tropical forest function under different disturbance regimes and informed the development of

management strategies. Here we summarize the major field experiments that have occurred within

the Luquillo Experimental Forest. Taken together, results from the major experiments conducted in

the Luquillo Experimental Forest demonstrate a high resilience of Puerto Rico’s tropical forests to a

variety of stressors.

Keywords: Luquillo Experimental Forest; tropical; experiments; manipulations; large-scale; Puerto

Rico; Caribbean

1. Introduction

The Luquillo Experimental Forest, located in the northeastern corner of Puerto Rico (18◦ N, 66◦ W),

is one of the oldest reserves in the Western Hemisphere [1] (Figure 1). In 1876, King Alphonso XII

proclaimed 10,000 hectares within the Luquillo Mountains a reserve of the Spanish Crown. Just 22

years later, Spain ceded control of the forest to the United States as part of the Treaty of Paris in 1898,

and in 1903, President Theodore Roosevelt designated the area a forest reserve under the jurisdiction

of what is now the U.S. Department of Agriculture (USDA) Forest Service [1]. The broad diversity of

climate, geology, and flora and fauna found within the Luquillo Experimental Forest has attracted

a wide range of ecological research throughout its history [1–4]. Within an area of what is now just

over 11,000 ha, the elevation spans 100 to 1075 m asl. Across this change in elevation, mean annual

rainfall spans 2450 to 4000 mm and average monthly air temperature ranges between 23.5 and 27 ◦C at

lower elevations and 17 and 20 ◦C at the higher elevations [5]. There are two major bedrocks (marine

volcaniclastic and intrusive igneous rocks from the Cretaceous and Tertiary periods), and three major
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soil orders (Ultisol, Inceptisol, Oxisol) within the Luquillo Experimental Forest [4]. The forest is also

highly diverse with 164 animal species (24 endemic), more than 1000 plant species, and 224 tree species

(60 endemic) [4]. In light of this range of conditions, it is no surprise that there are five Holdrige life

zones found within the Luquillo Experimental Forest: wet forest, rain forest, lower montane wet forest,

lower montane rain forest, and a small area in the southwest region that is moist forest life zone [2].
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Figure 1. Map of Puerto Rico and the location of the Luquillo Experimental Forest.

Long-term monitoring within the Luquillo Experimental Forest includes assessment of factors

such as climate, forest composition, and biomass, and these observations have been a part of the

Luquillo Experimental Forest since the early 1900’s [1,2]. This long-term monitoring has been critical

to establishing fundamental knowledge of the forest system, allowing us to understand basic seasonal

patterns, capture the ebbs and flow of forest composition, and to explore the potential for slower,

directional changes that might otherwise be missed. However, society often demands answers on

timescales much faster than long-term research can provide. While manipulative experiments have

numerous challenges [6,7], they nevertheless enable researchers to isolate the effects of changes to

individual variables so that we can test mechanistic hypotheses on a more feasible timescale and thus

better anticipate the needs, follies, wants, and dreams of man, that are likely to affect the environments

of the planet [8]. The manipulative experimental approach can additionally be used to reveal important

insights about system responses to extreme, infrequent, or abrupt events [9], thus providing essential

insights for societies that must develop coping strategies and management plans for such events.

Throughout its history, the use of and experiments conducted within the Luquillo Experimental

Forest have been a reflection of the times. From the early foresters that explored forest management

techniques in the 1900’s [1] to the more recent large-scale field manipulation experiments [10], these

studies provide a window into the greatest interests and concerns of society. The objective of this article

is to synthesize the history of field manipulation experiments within the Luquillo Experimental Forest,

beginning with the early days of U.S. jurisdiction of the forest. We aim to place these experiments into

historical context and to evaluate their contribution to our greater understanding of tropical forest

ecology. To understand where we are and where we are going, it is important to take time to reflect on

where we have been. As Isaac Newton so aptly said, “If I have seen further, it is by standing on the

shoulders of giants [11]”.

In the early days of the Luquillo Experimental Forest, the U.S. was keenly interested in maximizing

the ability to reforest degraded landscapes and to cultivate and manage forests. In response to this need,

the USDA Forest Service began silvicultural experiments on the island of Puerto Rico. Tree plantations

were established throughout the Luquillo Experimental Forest from the early 1930’s to the late 1950’s,
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and studies of secondary forest succession and forest management practices were implemented [12–14].

Thus began the methodical assessment of the commercial value of timber and the experimentation

of forest management practices, such as forest thinning, to promote forest growth. In the 1960’s,

the development of nuclear technology was well under way and the need for a greater understanding

of how radiation exposure might affect our nation’s biological resources was recognized [15]. At the

same time, scientists were interested in our ability to quantify whole-forest metabolism. With these

motivating factors in mind, scientists developed studies of whole-forest energetics [16], evaluated the

effects of herbicides [17–19], and implemented one of the three gamma radiation studies conducted in

forests in the United States [20]. In 1989 Hurricane Hugo passed over the island of Puerto Rico [21],

followed by Hurricane Georges in 1998 [22], which spurred a wealth of research surrounding the

effects of hurricanes on forest recovery [22–25]. This included experiments that simulated key aspects

of hurricane disturbance, such as debris deposition, at smaller scales [26,27]. In the 21st Century,

anthropogenic change and changes to climate emerged as some of the most important research needs

of our time. This growing interest in understanding the effects of both long-term directional change and

repeated, cyclical disturbance on forest recovery led to the establishment of a wealth of experimental

studies, including a clear cutting experiment [28,29], a nitrogen (N) deposition experiment [30], rainfall

manipulation studies [31,32], and a forest warming experiment [10]. While there remains much to

learn, the Luquillo Experimental Forest represents one of the longest and best-studied tropical forests

in the world. Together, the history and wealth of experimental research in the Luquillo Experimental

Forest has formulated a greater understanding of tropical forests and their resilience to environmental

change, the depth of which has literally filled volumes of books [2,20,33–37]. Below, we highlight the

varied and impressive history of manipulation experiments that have taken place within the Luquillo

Experimental Forest and provide a general summary of the major conclusions and contributions of

each of these studies and their contribution to current understanding.

2. Field Manipulation Experiments in the Luquillo Experimental Forest

2.1. Silviculture (1930s–Today)

By the late 1920’s Puerto Rico was largely deforested [38], with descriptions of a landscape that

supported “eroded soils, denuded forest areas, sedimented rivers and reservoirs, reduced soil fertility,

low crop yields, and an inadequately fed people” [39]. However, following two major hurricanes in

1928 and 1932 combined with a series of economic setbacks, Puerto Rico saw a massive abandonment

of agricultural lands as people moved to the cities for work [38]. As a result, much of the island in

Puerto Rico entered into early stages of forest succession by the late 1930’s [38]. During this period

(1933 and 1949) the USDA Forest Service added large amounts of land in the areas surrounding the

Luquillo Experimental Forest, in what amounts to approximately 50% of the Luquillo Experimental

Forest today [1]. As such, one of the early objectives of the USDA Forest Service was to develop

reforestation programs, promote tree growth and cultivate plantation forestry in the tropics. From

the early 1930’s to the late 1940’s more than 1500 hectares of tree plantations were established across

the island [12]. These initial tree plantings included mahogany (Swietenia macrophylla) plantations

that still grace the Luquillo Experimental Forest today [1]. In 1942, Frank H. Wadsworth, who was to

become the Director of the now USDA Forest Service International Institute of Tropical Forestry from

1953 to 1979, arrived in Puerto Rico. In the coming years, Wadsworth would pioneer tropical forestry

management and conservation on the island. In 1943 he began establishing a series of 420 0.1 ha plots

across the Luquillo Experimental Forest, which ranged from 200 m to 640 m elevation. Plots along

this elevation gradient were created in preparation for the development of a land management plan

and to satisfy his interest in understanding how trees grow in complex forests [40]. All trees with

diameter at breast height of greater than 9.1 cm were tagged, measured, and identified to species.

These plots have been re-measured at various points in time from 1947 to present, providing a baseline

for understanding the growth and productivity of thousands of trees within the Luquillo Experimental
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Forest over a 75-year period [41–47], and a critical foundation against which experimental results have

be compared [15,40,48,49].

Around this time, the United States was entering a post-war energy crisis. In response, Wadsworth

established new plots in 1945 to evaluate and develop timber management practices. In a portion of

these plots, 50% of basal area was removed, which showed that thinning does indeed increase the

growth of the remaining trees [3]. Wadsworth later (1957) established approximately 100 0.08 hectare

plots across two lower elevation forests, which included a secondary forest and an old growth forest

site. In these plots, the commercially valuable trees were marked and measured while the poorest

growing trees were removed as part of a pilot management project designed to increase productivity

by providing greater canopy freedom [42]. In 1975, 40 of these plots were re-measured. Surprisingly,

very little difference between the mean growth rates in these plots versus the old growth forest stands

was observed [42]. However, closer analyses of growth data from the various plots established by

Wadsworth have revealed the importance of canopy crown diameter and position for determining

growth potential [42,45]. The long-term experiment yielded a wide range of plant species that varied

within and across plots, and thus the sites were subsequently used to explore the role of biodiversity

in ecosystem processes [42,45,50,51]. The known age and composition of the plots, together with

the fact that many were established on abandoned pasture land, facilitated the study of long-term

carbon dynamics. The sites were resurveyed in 1992, and a subset re-measured in the early 2000’s to

determine biomass change and soil carbon dynamics with reforestation. Stable carbon isotopes were

used to track the soil carbon change over time, giving one of the first estimates of soil carbon gain

and loss with tropical reforestation [41]. The initial studies were revolutionary. They represent the

first silviculture studies conducted anywhere in Latin America, and are an invaluable resource for

long-term research. Many of the tree plantations and experimental plots established by Wadsworth

and the International Institute of Tropical Forestry are still present in Puerto Rico today. They serve as

the oldest established research plots for evaluating tree growth and production in the forest, providing

a baseline for understanding contemporary responses of the Luquillo Experimental Forest to long-term

directional changes in climate, and in cyclical disturbance events, such as hurricanes [2,40,43,44,46,48].

2.2. Forest Radiation Experiment (1963–1968)

In the 1960’s, nuclear technology was expanding beyond its use for military purposes to include

domestic applications such as nuclear energy and excavation of large areas. In particular, the U.S. was

considering using a nuclear device for excavating a second Panama Canal between the Pacific and

Atlantic Oceans [15]. Earlier radiation experiments conducted in temperate forests in Brookhaven, New

York and Dawsonville, Georgia [52] revealed high mortality of pine trees, alleviating the perception

that plants were likely resistant to radiation [20]. It thus became apparent that assessments of the

consequences of atomic evacuation, nuclear war, and atomic accidents should include effects on

natural ecosystems as well as the effects on humans. Scientists recognized that responses to radiation

might vary by ecosystem, particularly in lower latitudes, which support highly diverse forests with

complex structure [15]. Thus, the Atomic Energy Commission (now the U.S. Department of Energy)

funded a 5-year study in 1963 to investigate the effects of radiation on forest processes in the Luquillo

Experimental Forest. The prevailing theory was that more complex organisms with larger nuclei

would be more sensitive to radiation than less complex organisms with smaller nuclei due to the

greater volume of deoxyribonucleic acid (DNA) in large nuclei [53]. It was further hypothesized that

the rapid cycling in tropical forests would contribute to a faster response to radiation than what had

been observed in temperate systems, and that species diversity and forest complexity were likely to

be important factors [20]. To test this theory, a small area within the Luquillo Experimental Forest

was exposed to almost continuous gamma radiation (10,000-curie Cesium-137 source; Figure 2) for

24 h a day over a 3-month period (19 January to 27 April, 1965) and was studied for a full year

following exposure. Scientists measured the effects of radiation (stress) on plants, seedlings, and seed

germination rates, animals, soils, microbes, mineral cycling, forest metabolism and energy flows.
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Figure 2. Scientists installing the base and casing for the Cesium radiation source in the Luquillo

Experimental Forest. Photo reproduced from [53].

The effects of radiation on the vegetation were not clearly discernable in the initial months

following radiation exposure, and in fact, some scientists thought that the canopy leaves in the

immediate vicinity of the radiation center might be greener than those nearby. Howard T. Odum,

the lead scientist on the project, noted that radiation effects in these initial days were difficult to

observe from aerial views, color photographs, and from a nearby mountain slope, despite everyone
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on the project making daily trips to see the change [53]. However, within a few months, areas within

the line-of-site of the radiation source were obviously affected. The ground surrounding the source

was bare of living green, moss on the nearby rocks turned a strange blue-black color, many of the

surrounding trees began dropping green leaves, and there were observations of albino, chlorotic, and

abnormally shaped leaves [53–55]. Scientists additionally noted that the leaves of a Manilkara tree

close to the radiation center turned bright red before dropping. Radiation exposure also increased

susceptibility to insect grazing in the initial months following radiation exposure. The number of leaf

holes in the surrounding vegetation increased and bark beetles invaded the most heavily affected

trees [53]. Within 7 months of radiation exposure, mortality of the most heavily affected individuals

stabilized at less than 10% [55]. However, as the year progressed the canopy continued to open, and by

the following year a small gap had opened up in the canopy. Ultimately the majority of trees within the

30-m radius of the radiation source died [28,54]. One of the most dominant plants within the Luquillo

Experimental Forest, the sierra palm (Prestoea montana), was particularly sensitive to radiation with a

94% decline in population density in the areas surrounding the radiation center [29]. However, some

trees were also resistant to radiation. A giant red-trunked Cyrilla tree 5-m north of the radiation source

was exposed to 100,000 Roentgen of radiation [53]. It was permanently scarred on one side and lost

more than half of its leaves; however, the tree survived another 33 years before it died during a major

rain storm in 1998 [56].

A year after exposure to radiation, the forest reached the maximum extent of defoliation. It then

took over a year for the spread of green cover to return [53]. Recovery of vegetation was found to

be more rapid in areas that had been shielded from radiation by rocks and tree trunks [53]. Seedling

growth eventually spread throughout the recovery center [57]. Secondary forest species were more

resilient than old growth species, demonstrating overall greater resistance to radiation exposure [55].

When considering the multitude of observations following radiation exposure, it became clear that

the initial hypothesis that radiation sensitivity would increase with nuclear volume did not hold.

For example, the sierra palm (Prestoea montana) was much more sensitive to radiation exposure

(smaller nuclei) than secondary forest species, which as a group had larger nuclei [53,55]. Forest

structure was also considered important when evaluating radiation sensitivity, with more complex

forests hypothesized to have greater sensitivity [52,55]. However, the radiation sensitivity of the

Luquillo Experimental Forest, which is considered a more complex forest, relative to the response of

temperate forests also exposed to radiation, found no particular difference in the response of the two

forest types. Rather, they hypothesized that resistance to radiation of some species over others may

be due to the simplicity of the physiology rather than the size of the nuclei, which could explain the

resistance of the secondary species in the Luquillo Experimental Forest as well as the resistance of the

herbaceous vegetation observed in the temperate forests [55].

Twenty-three years later, scientists revisited the radiation site and found slow recovery of the

radiated forest relative to natural gaps, as well as an overall loss of seeds in the soil [28]. Scientists have

additionally found that the rate of biomass recovery following radiation was much slower than that of

biomass recovery following hurricane disturbance and that the depressed recovery has continued to

persist in the radiated site as long as 44 years following irradiation [40]. Whether this stunted recovery

following radiation exposure is microbially controlled, or due to substantial loss of the seed bank is

not clear. While the implementation of the radiation study in the Luquillo Experimental Forest is

controversial to this day, at the time it was the most comprehensive study of a tropical forest ever

conducted, making the Luquillo Experimental Forest one of the earliest and best-studied tropical

forests in the world. Odum used the radiation experiment as an opportunity to study everything he

could about the forest [20]. He pioneered studies on ecosystem function and the forest’s connections

to global cycles of energy, water, nutrients, and carbon, and the resulting book volume compiled by

Odum [20], serves as a central reference for scientists studying the Luquillo Experimental Forest to

this day.
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2.3. Rain Forest Herbicide Experiment (1964–1965)

In the mid-1960’s U.S. involvement in the Vietnam War was escalating. Deployment of troops

increased from 760 in 1959 to 23,300 in 1964, and reached over 500,000 troops by 1968 (U.S. Department

of Defense Manpower Data Center). As a military tactic, the US began using the “Rainbow” herbicides

(herbicide mixtures named by the colored identification band painted on their storage barrels),

such as Agent Orange, in 1961 to defoliate forests and mangroves, to clear perimeters of military

installations and to destroy ‘unfriendly’ crops as a tactic for decreasing cover and food supplies for

the enemy [58]. By 1965 the U.S. had applied approximately two million liters of herbicides in the

Republic of Vietnam [58]. In the midst of these events, the USDA Crops Research led a series of

herbicide experiments in the Luquillo Experimental Forest from 1964–1965 that were funded by the

U.S. Department of Defense Advanced Research Projects Agency. The Department of Army personnel

determined that the forests in the Luquillo Experimental Forest were similar to the evergreen forests of

Southeast Asia. Thus, tactical herbicides capable of defoliating the tropical vegetation of the Luquillo

Experimental Forest could be applied to Southeast Asian forests to reduce the amount of obscuring

vegetation, which would reduce the possibility of ambush, and increase the ability to observe the

movement of enemy equipment [59].

In January 1964, scientists applied six herbicides (picloram, prometone, bromacil, dicamba,

fenac, diuron) to forest soils with a cyclone seeder at rates of 3.7, 10 and 30 kg per ha. They used a

randomized complete block design with three replicates for a total of sixty-three 18 m × 24 m plots

with 6 m buffers [19]. The effect of herbicide applied to the soils was evident within one month of

application and maximum defoliation occurred nine-months post herbicide application [18]. Picloram,

a major component of the rainbow herbicide Agent White, was the most effective herbicide, killing

between 22% and 71% of vegetation 21 months after treatment [18]. Fenac was the most persistent

herbicide in the soil [18], reaching soil depths of 91 to 122 cm within three months of application,

suggesting substantial downward movement of herbicides into the soil profile [19]. Forest plant

succession occurred within 18 months of herbicide application [19], and there was no effect on the

composition of the species that regrew when compared with other secondary forest in the area [18].

Following the initial soil herbicide experiments, scientists explored the effects of foliar application,

focusing on the most effective defoliant, picloram, which was applied in various combinations with

two other herbicides, paraquat and pyriclor [18]. Foliar application occurred in October, 1965 in

separate 0.4 ha plots (53 m × 76 m with a 15 m buffer) established in a randomized block design with

two replicates. Herbicides were applied in liquid form at rates of between 6.7 and 20 kg per ha with a

Hiller 12-E helicopter that flew in five 11 m swaths at treetop level over each plot. The effects of foliar

application on defoliation were much more immediate than either the soil herbicide or the radiation

treatments [18], with measurable effects within one week of application and maximum defoliation

occurring three-months post-herbicide application (Figure 3). The resulting defoliation substantially

affected the light environment and microclimate up to a year following treatment; however, as with soil

herbicide application, the forest recovered relatively quickly, and the species composition of succession

was not affected [18]. Several months after herbicide application, scientists planted mahogany and

teak trees in numerous plots. Both tree species grew well and showed no signs of being affected by

herbicides [18]. Thus, while the initial responses to herbicide application were immediate and dramatic,

once the herbicides were flushed out of the soil rooting zone, the forest appeared to recover normally.

Overall, picloram proved to be an effective defoliant of trees in the Luquillo Experimental Forest,

whether applied directly to the soil or to the vegetation. The relatively rapid rate of regeneration

(within 1.5 years) following very high levels of herbicide application to the soil (up to 30 kg per

ha) suggests that the effects of the herbicides in this forest are transient and unlikely to ‘sterilize’

the soil for long periods of time [18]. In addition, the composition of species that comprised initial

forest succession following herbicide application did not appear to be affected, with no new ‘invasive’

species introduced during recovery [19]. Defoliation of the forest occurred more rapidly in response

to herbicide application than what was observed in the radiation experiment [18]. At the same
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time, the forest also recovered from herbicide application at a much faster rate than from radiation

exposure [28]. From a military perspective, Agent White, of which picloram is a major component, was

found to be less advantageous than Agent Orange because defoliation took several weeks to begin [58].

However, due to changes in chemical market forces in the mid-1960’s, Agent Orange production

became limited and it was not available in sufficient supplies for military application. Thus, the U.S.

transitioned to the use of Agent White in 1966, applying an estimated total of 20,556,525 liters to the

forests of the Republic of Vietnam from 1966–1971 [58].
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Figure 3. Changes in canopy opening prior to and three months following herbicide application in the

Luquillo Experimental Forest. Photograph reproduced from [18].

2.4. Giant Plastic Cylinder Study (1966–1967)

Also supported by the Atomic Energy Commission, Howard T. Odum established the “Giant

Plastic Cylinder” study in 1966 in order to better understand whole-forest metabolism and fluxes of

water, carbon, and energy [16]. A 17-m tall x 18 m wide plastic chamber (Figure 4) was erected in

the Luquillo Experimental Forest with a 22-m canopy access tower in the center, enabling Odum and

collaborators to study vertical gradients and partition fluxes into their various components. Six 17-m

tall crank up aluminum towers were hauled up the mountain and installed in a hexagonal array on

concrete pads with steel wire creating the frame. Plastic material that could be bonded with adhesive

was pulled up to the wire frame to form a cylinder. This material lasted a year and a half under forest

exposure, which limited the duration of the study [16]. Although the experiment ran for just over one

year, the study was immensely valuable for understanding tropical forest function. This study was

the first attempt at assessing whole-forest metabolism and provided initial estimates of tropical forest

evapotranspiration, forest floor respiration, vertical gradients of photosynthesis, gross photosynthetic

rates, leaf area index, and chlorophyll content, as well as an overall assessment of carbon dioxide

fluxes. As a whole, the Giant Plastic Cylinder was a visionary prototype, and served as a precursor for

future open top chamber and eddy covariance studies.
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Figure 4. Schematic diagram of the Big Plastic Cylinder Experiment. Reproduced from [16].

2.5. The GAPS Experiment (1988-Today)

By the late 1970’s scientists recognized that the area of secondary forests was increasing

rapidly [60], and that with few exceptions most tropical countries had a larger land surface cover

of secondary vegetation than old growth [61]. It was suggested that the tropics were entering the

“era of secondary vegetation” [61]. At the time, studies of carbon dynamics in secondary forests

were sparse [60], and to date, most studies have focused on successional changes in vegetation and

the drivers, patterns, and consequences of deforestation at large spatial scales [60,62,63]. Fewer

studies have followed the in-situ biogeochemical effects of deforestation and forest regrowth over

time [64]. In 1988, scientists established an experiment to determine the carbon and nutrients effects of

tropical deforestation, and to follow soil biogeochemical dynamics and patterns in forest regrowth

over time. Three 32 m × 32 m plots (two treatment plots and a split control plot) were established in

the Bisley Research Watersheds of the Luquillo Experimental Forest, and surveyed on a 4 m × 4 m grid.

Every grid node was sampled for soil (0–10, 10–35, 35–60 cm depths) in the intact forest at the start

of the experiment. All trees >10 cm diameter at breast height were measured for basal area, height,

and identified to species. In June of 1989, the two treatment plots were clear cut; all aboveground

vegetation was weighed and hand-carried off the plots. Trees were measured for allometric equations

and subsampled for carbon and nutrient analyses [65]. Hurricane Hugo swept through the forest in

September 1989, decimating the control plots. The effects of the hurricane on the treatment plots was

minimal: no trees fell into the plots and the added litter was quantified and collected immediately

after the storm [65]. The soils and vegetation were then intensively sampled over the next two years,

and again at 10-years post-disturbance.

Clear-cutting removed 300 tons of biomass per ha and the large amount of nutrients contained

therein [65]. Deforestation led to short-term increases in exchangeable cation concentrations in soils

prior to the hurricane, and most soil and forest floor nutrient pools had returned to pre-disturbance

levels within 9 weeks. Exchangeable potassium was the only element that declined significantly in

soils over this time period. The hurricane approximately doubled the size of the forest floor pool and



Forests 2019, 10, 210 10 of 18

substantially increased forest floor concentrations of nitrogen, phosphorus, potassium, calcium and

magnesium [66]. In the soil, only the concentrations of exchangeable potassium and nitrate (NO3
−)

increased significantly, but these, and the forest floor mass returned to pre-disturbance values within

9 months. Surprisingly there was no effect of the disturbances on soil organic matter content [66].

However, there was a 40% decline in live fine root biomass within 2-months of the clear-cutting, and

fine root mortality increased to 70%–77% following the hurricane. Slow fine root decay led to up to 65%

mass remaining after one year. Root mortality was associated with high soil NO3
− concentrations [67].

Forest regrowth was slower in the clear-cut plots than in the surrounding forest 10 years following the

disturbances. Fine root biomass recovered within 8-10 years, albeit stocks were more variable in the

treatment plots than in the surrounding forest. Soil carbon stocks did not change significantly as a

result of the disturbances. Soil phosphorus pools declined during periods of rapid plant regrowth,

and then fluctuated over time. Overall, soil carbon and nutrient pools were relatively resilient to

disturbance in this forest on a decadal time scale [68]. Deforestation is a continuing problem in tropical

regions, resulting in the conversion of 97 million ha of forested land globally from 2001–2012 and the

emissions of 47 Gt CO2 [69]. Research that explores carbon and nutrient cycling in secondary forests

continues to be a research need, the results of which would provide invaluable insight into the role

that these forests will play in mediating future climate.

2.6. Post-Hurricane Fertilization and Debris-Removal Experiment (1989)

Hurricanes are an important force structuring Puerto Rico’s forests, and have been responsible for

billions of dollars in damages to U.S. coastal regions and interests [70]. Although much knowledge

has been gained about forest responses to hurricanes from observational studies, a mechanistic

understanding requires experimental manipulations [71]. In 1989, scientists had just finished their

initial set up for a complete fertilization experiment in the Luquillo Experimental Forest when

Hurricane Hugo hit Puerto Rico. They took note of the large deposits of green foliage on the

forest floor, which was equivalent to over a year’s worth of phosphorus being deposited in a 24-h

period. In response, scientists added a debris-removal treatment to the experiment resulting in 4

blocks with 3 treatments: fertilization, control, and debris removal (1 month after Hugo). Plots

were each 20 m × 20 m and scientists investigated a wide range of responses including nutrient

immobilization [72], litterfall rates, quality and decay [73], earthworm responses [74], effects on

understory plants [75]), as well as effects on forest growth and species composition [76]. The

fertilization experiment was established in lower- (350–500 m asl) and upper-elevation forests (1050 m

asl), where plots had been fertilized with macro-and micronutrients every 3 months since the passage

of Hurricane Hugo in 1989 [72,76].

Fertilization stimulated leaf litter production in both forests, but the rate of recovery to

pre-hurricane levels was greater at 350–500 m above sea level (20 months after treatment) than

those at 1050 m asl (38 months, [64]). Litterfall increased after fertilization and by 2–3 years appeared

to reach its maximum [76], with some decreases in magnitude seen a decade later [73]. Experimental

removal of litter and woody debris generated by the hurricane (plus any standing stocks present

before the hurricane) increased soil nitrogen availability and above-ground productivity by as much

as 40% compared to un-manipulated control plots [72]. These increases were similar to those created

by quarterly fertilization with inorganic nutrients. Approximately 85% of hurricane-generated debris

was woody debris greater than 5 cm diameter. Thus, it appeared that woody debris stimulated

nutrient immobilization, resulting in depression of soil nitrogen availability and productivity in control

plots [72]. These results together with simulations of an ecosystem model (CENTURY) calibrated

for Luquillo Experimental Forest [77] indicated the large wood component of hurricane-generated

debris was of sufficiently low quality and of great enough mass to cause the observed effects on

productivity. Scientists found no effect of fertilization on the abundance and biomass of earthworms

in the upper elevation plots [74]. In the lower-elevation plots, however, the density and biomass of

earthworms were significantly greater in the control than in the fertilization treatments. Surprisingly,
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the removal of hurricane-generated debris significantly increased the density of earthworms. Possible

reasons for this positive increase maybe due to increased nitrogen availability in the litter removal

soils [72], less leaching of organic compounds from coarse wood [78], and consequently, increased soil

pH, and reduction of litter fauna (e.g., frogs, lizards and ants) that function as both competitors for

resources and predators [74].

2.7. Canopy Trimming Experiment (2002-Today)

One of the major effects of hurricanes on forests is the defoliation and stem loss of the vegetation

resulting in large openings in the canopy and significant deposition of green plant material and

coarse woody debris to the forest floor. In an effort to separate the effects of canopy opening

and increased debris deposition due to hurricanes, the canopy trimming experiment (CTE) was

established in 2002. Canopy branches of 576 trees were trimmed and 32,448 kg of dry mass was

distributed over six 30 m × 30 m plots, which is similar to what was observed after Hurricane Hugo.

The experiment comprised 3 blocks of 4 full factorial treatments: no trimming and no debris added,

trimming performed and debris added, trimming performed and no debris added, no trimming

and debris added. Measurements for this experiment are ongoing, and a second canopy trim was

conducted in 2014.

Studies within the CTE are diverse, exploring the mechanistic response patterns of tropical

forest biota (microbes, plants, animals) and processes (decomposition, herbivory, nutrient cycling,

primary production) to canopy and understory disturbance [27,71,79]. As a whole, results from the

CTE suggest that cascading effects from canopy openness account for most of the shifts in the forest

biota and biotic processes, such as increased plant recruitment and richness, as well as the decreased

abundance and diversity of several animal groups [71]. Canopy opening decreased litterfall and litter

moisture [80], thereby inhibiting lignin-degrading fungi, which slowed decomposition [79,81]. Debris

addition temporarily increased tree basal area [49]. Data also suggest that hurricane disturbance

can accelerate the cycling of soil labile organic carbon on a short temporal scale of less than two

years [82]. In addition, scientists found that both surface- (0–10 cm) and subsoils (50–80 cm) have the

potential to significantly increase carbon and nutrient storage a decade after the sudden deposition of

disturbance-related organic debris, suggesting Luquillo Experimental Forest soils can serve as sinks of

carbon and nutrients derived from disturbance-induced pulses of organic matter [83].

2.8. Long-Term Nitrogen Addition in Two Forest Types (2002–Today)

Deposition of nitrogen in tropical forests is projected to increase [84] and we know increased

anthropogenic nitrogen inputs can have dramatic effects on the structure and function of plant and

animal communities [85]. To understand the consequences of increased nitrogen inputs, scientists

have been continually applying 50 kg per ha per year of nitrogen fertilizer to twelve 20 m × 20 m

plots in two forest types within the Luquillo Experimental Forest (3 fertilized, 3 control per site) since

2002 [30]. Nitrogen additions suppressed nitrogen fixation at both high and low elevation sites [30,86]

Thus far, there have been no significant effects of nitrogen fertilization on plant growth, suggesting

that plants in this forest are not nitrogen limited. In contrast, significant belowground responses to

nitrogen addition included increased soil carbon dioxide fluxes, decline in live root biomass, and an

increase in total soil carbon. However, labile soil carbon decreased while mineral-associated carbon

increased [30,86]. This work suggests that soil carbon storage may be sensitive to nitrogen deposition

even in forests that are not nitrogen limited [30]. Because these plots are some of only a handful of

fertilization plots in the tropics, they offer an important opportunity for understanding how changes

to nutrient inputs can affect how tropical forests work.

2.9. Throughfall Exclusion Experiment (2008-Today)

In an effort to understand the consequences of drought on the biogeochemistry of tropical soils,

small shelters (1.24 × 1.24 m) were installed in the forest understory of the Luquillo Experimental Forest
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in 2008 to divert water away from soils, effectively reducing soil moisture (Figure 5). Effects on soil gas

fluxes, nutrient cycling, and microbial dynamics were studied. Soil carbon dioxide emissions declined

and net methane consumption, as well as net nitrous oxide sink behavior, increased in response to

reduced soil moisture. Taken together these data suggested drought may decrease greenhouse gas

emissions from tropical soils [31,87]. However, microbes showed the capacity to adapt to repeat cycles

of drought [32]. Following up on these initial experiments, a new throughfall exclusion experiment

was established in 2017 with larger throughfall exclusion shelters (2.4 m × 4.8 m) to further explore

the consequences of repeated drought on a range of biogeochemical processes. Shelters were in place

for a total of 6 months when Hurricanes Irma and Maria passed over the island of Puerto Rico in

September 2017. The shelters were removed during the storms, but following the hurricanes, shelters

were re-established and the study was modified to include interactions between soil drought and

the recovery of soil biogeochemical responses following hurricane disturbance. Results from this

experiment will provide a better understanding of the interactions between droughts and hurricanes,

two major drivers of environmental change at the Luquillo Experimental Forest that are projected to

increase in frequency under future climate regimes.
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Figure 5. Throughfall exclusion shelter installed in the Luquillo Experimental Forest. Photograph by

Tana E. Wood.

2.10. TRACE: Tropical Responses to Altered Climate Experiment (2013-Today)

Temperatures are expected to increase significantly in tropical regions over the next two

decades [88,89]. How already-warm tropical forests will respond to increasing temperatures remains a

critical unknown in our global understanding of climate change effects. For example, whether tropical

forests will continue to serve as net sinks for carbon in a warmer world remains highly uncertain [90,91].

In an effort to quantify the effects of increased temperature on tropical forest carbon cycling, scientists

established the first field warming experiment in a tropical forested ecosystem in the Luquillo

Experimental Forest (Tropical Responses to Altered Climate Experiment (TRACE)) [10]. In 2016,

infra-red heaters were deployed in 4-m diameter hexagonal plots to warm understory vegetation
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and soils by +4 ◦C above ambient (Figure 6). Pre-treatment measurements were collected for 1-year

before warming began in the fall of 2017 [10]. As with Odum’s radiation experiment, scientists have

taken the opportunity to explore many facets of tropical forest responses to warming, including soil

carbon and nutrient fluxes and pools, plant physiology, plant demography, soil microbial communities,

and responses of soil microarthropods and native frogs. In 2017, one year following the initiation of

warming Hurricanes Irma and Maria passed over the island of Puerto Rico. Warming efforts were

paused and scientists capitalized on the opportunity to evaluate whether the prior stress of warming

influenced the recovery of forest biomass and processes following hurricane disturbance. New baseline

measurements were collected for a full year following the hurricanes and warming was restarted in

the fall of 2018. This unique infrastructure offers a potentially once-in-a-lifetime opportunity to assess

how warmer tropical plants and soils recover from hurricanes. Experimental research at the TRACE

site is ongoing, and publications on the results from the first year of warming are in progress.
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Figure 6. Arial photograph of one of the TRACE plots in 2018, 14 months after Hurricane Maria.

Photograph by Maxwell Farrington.

3. Conclusions

The Luquillo Experimental Forest has served as a platform for a wealth of innovative and

revolutionary experiments, from the Radiation and Giant Plastic Cylinder Experiments initiated in the

1960’s to the Canopy Trimming and Tropical Responses to Altered Climate Experiments established

in the 2000’s. To our knowledge, no other tropical forest has experienced such a range of unique

experimentation, or has so clearly marked the history of the fears and interests of our society. While

the responses and rates of recovery to these disturbances have been varied, the Luquillo Experimental

Forest has demonstrated incredible resistance and recovery in the face of great change. Whether these

forests will continue to prevail or if we will see a significant shift in the size and composition of the
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Luquillo Experimental Forest as the world’s climate and disturbance regimes continue to change is

one of the greatest concerns facing scientists today. Current and future experiments conducted in

the Luquillo Experimental Forest will continue to address these questions and will provide critical

information for the development and refinement of forest management strategies.

Author Contributions: Conceptualization, M.A.C., T.E.W., G.G., and S.C.R.; Writing-Original Draft Preparation,
T.E.W., M.A.C., S.C.R., W.L.S., G.G.; Writing-Review & Editing, T.E.W., M.A.C., S.C.R., W.L.S., G.G.

Funding: T.E.W.: M.A.C. and S.C.R. were supported by the U.S. Department of Energy Terrestrial Ecosystem
Sciences Program under Award Numbers DE-SC-0011806 and 89243018S-SC-000014. S.C.R. was supported by
the U.S. Geological Survey. W.L.S. and G.G. were supported by the NSF Luquillo Critical Zone Observatory
(EAR-1331841) and the LTER program (DEB1239764). W.L.S. had additional support from NSF DEB-1457805,
DOE TES-DE-FOA-0000749, and the USDA National Institute of Food and Agriculture, McIntire Stennis project
CA-B-ECO-7673-MS. The USDA Forest Service’s International Institute of Tropical Forestry (IITF) and University
of Puerto Rico-Río Piedras provided additional support. All research at IITF is done in collaboration with the
University of Puerto Rico.

Acknowledgments: We would like to thank Olga Ramos for creating the map of Puerto Rico used in this
manuscript as well as Ariel E. Lugo and Jess Zimmerman for valuable suggestions on an earlier version of the
manuscript. We are also grateful to all of the scientists who have worked in Puerto Rico to build an understanding
of how these important ecosystems work. Any use of trade, firm, or product names is for descriptive purposes
only and does not imply endorsement by the U.S. Government.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Weaver, P.L. The Luquillo Mountains: Forest Resources and Their History; United States Department of

Agriculture, Forest Service International Institute of Tropical Forestry: San Juan, PR, USA, 2012.

2. Harris, N.L.; Lugo, A.E.; Brown, S.; Heartsill Scalley, T. Luquillo Experimental Forest: Research History and

Opportunities; U.S. Department of Agriculture: Washington, DC, USA, 2012; p. 152.

3. Brown, S.; Lugo, A.E.; Silander, S.; Liegel, L. Research History and Opportunities in the Luquillo Experimental

Forest; General Technical Report (GTR)-SRS-044; U.S. Dept of Agriculture, Forest Service, Southern Forest

Experiment Station: New Orleans, LA, USA, 1983; p. 132.

4. Quiñones, M.; Parés-Ramos, I.K.; Gould, W.A.; Gonzalez, G.; McGinley, K.; Ríos, P. El Yunque National Forest

Atlas; General Technical Report; International Institute of Tropical Forestry: San Juan, PR, USA, 2018.

5. Garcia-Martino, A.R.; Warner, G.S.; Scatena, F.N.; Civco, D.L. Rainfall, runoff and elevation relationships in

the Luquillo Mountains of Puerto Rico. Caribb. J. Sci. 1996, 32, 413–424.

6. Aronson, E.L.; McNulty, S.G. Appropriate experimental ecosystem warming methods by ecosystem, objective,

and practicality. Agric. For. Meteorol. 2009, 149, 1791–1799. [CrossRef]

7. Leuzinger, S.; Luo, Y.; Beier, C.; Dieleman, W.; Vicca, S.; K
√

∂rner, C. Do global change experiments

overestimate impacts on terrestrial ecosystems? Trends Ecol. Evol. 2011, 26, 236–241. [CrossRef] [PubMed]

8. Odum, H.T. Rain forest structure and mineral cycling homeostasis. In A Tropical Rain Forest: A Study

of Irradiation and Ecology at El Verde; Odum, H.T., Pigeon, R.F., Eds.; U.S. Atomic Energy Commission:

Oak Ridge, TN, USA, 1970.

9. Jentsch, A.; Kreyling, J.; Beierkuhnlein, C. A new generation of climate-change experiments: Events, not

trends. Front. Ecol. Environ. 2007, 5, 365–374. [CrossRef]

10. Kimball, B.A.; Alonso-Rodríguez, A.M.; Cavaleri, M.A.; Reed, S.C.; González, G.; Wood, T.E. Infrared heater

system for warming tropical forest understory plants and soils. Ecol. Evol. 2018, 8, 1932–1944. [CrossRef]

[PubMed]

11. Newton, I. Isaac Newton Letter to Robert Hooke 1675. Available online: https://digitallibrary.hsp.org/

index.php/Detail/objects/9792 (accessed on 27 November 2018).

12. Marrero, J. A Survey of the Forest Plantations in the Caribbean National Forest. Master’s Thesis, School of

Forestry and Conservation, University of Michigan, Ann Arbor, MI, USA, 1947.

13. Wadsworth, F. Growth in the lower montane rain forest of Puerto Rico. Caribb. For. 1947, 8, 27–35.

14. Wadsworth, F.H. Forest management in the Luquillo mountains, III. Selection of products and silvicultural

policies. Caribb. For. 1952, 13, 93–142.



Forests 2019, 10, 210 15 of 18

15. Odum, H.T. The Rainforest and Man: An Introduction. In A Tropical Rain Forest: A Study of Irradiation and

Ecology at El Verde; Atomic Energy Commission, Division of Technical Information: Oak Ridge, TN, USA,

1970; pp. A-5–A-11.

16. Odum, H.T.; Jordan, C.F. Metabolism and Evapotranspiration of the Lower Forest in a Giant Plastic Cylinder.

In A Tropical Rain Forest: A Study of Irradiation and Ecology at El Verde; Atomic Energy Commission, Division

of Technical Information: Oak Ridge, TN, USA, 1970; p. I-165.

17. Dowler, C.; Tschirley, F. Evaluation of herbicides applied to foliage of four tropical woody species. J. Agric.

Univ. P. R. 1970, 54, 676–682.

18. Dowler, C.C.; Tschirley, F.H. Effects of Herbicide on a Puerto Rican Rain Forest. In A Tropical Rain Forest:

A Study of Irradiation and Ecology at El Verde; Atomic Energy Commission, Division of Technical Information:

Oak Ridge, TN, USA, 1970; p. B-315.

19. Dowler, C.C.; Forestier, W.; Tschirley, F. Effect and persistence of herbicides applied to soil in Puerto Rican

forests. Weed Sci. 1968, 16, 45–50.

20. Odum, H.T.; Pigeon, R.F. A Tropical Rain Forest: A Study of Irradiation and Ecology at El Verde, Puerto Rico;

Atomic Energy Commission, Division of Technical Information: Oak Ridge, TN, USA, 1970.

21. Scatena, F.; Larsen, M. Physical aspects of hurricane Hugo in Puerto Rico. Biotropica 1991, 23, 317–323.

[CrossRef]

22. Boose, E.R.; Serrano, M.I.; Foster, D.R. Landscape and regional impacts of hurricanes in Puerto Rico.

Ecol. Monogr. 2004, 74, 335–352. [CrossRef]

23. Beard, K.H.; Vogt, K.A.; Vogt, D.J.; Scatena, F.N.; Covich, A.P.; Sigurdardottir, R.; Siccama, T.G.; Crowl, T.A.

Structural and functional responses of a subtropical forest to 10 years of hurricanes and droughts.

Ecol. Monogr. 2005, 75, 345–361. [CrossRef]

24. Scatena, F.; Moya, S.; Estrada, C.; Chinea, J. The first five years in the reorganization of aboveground biomass

and nutrient use following Hurricane Hugo in the Bisley Experimental Watersheds, Luquillo Experimental

Forest, Puerto Rico. Biotropica 1996, 28, 424–440. [CrossRef]

25. Comita, L.S.; Uriarte, M.; Thompson, J.; Jonckheere, I.; Canham, C.D.; Zimmerman, J.K. Abiotic and biotic

drivers of seedling survival in a hurricane-impacted tropical forest. J. Ecol. 2009, 97, 1346–1359. [CrossRef]

26. Shiels, A.B.; Zimmerman, J.K.; García-Montiel, D.C.; Jonckheere, I.; Holm, J.; Horton, D.; Brokaw, N. Plant

responses to simulated hurricane impacts in a subtropical wet forest, Puerto Rico. J. Ecol. 2010, 98, 659–673.

[CrossRef]

27. Shiels, A.B.; González, G. Understanding the key mechanisms of tropical forest responses to canopy loss and

biomass deposition from experimental hurricane effects. For. Ecol. Manag. 2014, 332, 1–10. [CrossRef]

28. Taylor, C.M.; Silander, S.; Waide, R.B.; Pfeiffer, W.J. Recovery of a tropical forest after gamma irradiation:

A 23-year chronicle. In Tropical Forests: Management and Ecology; Springer: New York, NY, USA, 1995;

pp. 258–285, ISBN 1-4612-7563-6.

29. McCormick, J.F. Growth and Survival of the Sierra Palm Under Radiation Stress in Natural and Simulated

Environments. In A Tropical Rain Forest: A Study of Irradiation and Ecology at El Verde; Atomic Energy

Commission, Division of Technical Information: Oak Ridge, TN, USA, 1970; p. D-193.

30. Cusack, D.F.; Torn, M.S.; McDowell, W.H.; Silver, W.L. The response of heterotrophic activity and carbon

cycling to nitrogen additions and warming in two tropical soils. Glob. Change Biol. 2010, 16, 2555–2572.

[CrossRef]

31. Wood, T.E.; Silver, W.L. Strong spatial variability in trace gasdynamics following experimental drought in a

humid tropical forest. Glob. Biogeochem. Cycles 2012, 26. [CrossRef]

32. Bouskill, N.J.; Chien Lim, H.; Borglin, S.; Salve, R.; Wood, T.E.; Silver, W.L.; Brodie, E.L. Pre-exposure to

drought increases the resistance of tropical forest soil bacterial communities to extended drought. Int. Soc.

Microb. Ecol. 2012, 7, 384–394. [CrossRef] [PubMed]

33. Brokaw, N. A Caribbean Forest Tapestry: The Multidimensional Nature of Disturbance and Response; Oxford

University Press: New York, NY, USA, 2012; ISBN 0-19-533469-8.

34. González, G.; Willig, M.R.; Waide, R.B. Ecological Gradient Analyses in a Tropical Landscape: Multiple Perspectives

and Emerging Themes; International Institute of Tropical Forestry: San Juan, PR, USA, 2013; pp. 13–20.

35. Buss, H.L.; Gould, W.A.; Larsen, M.C.; Liu, Z.; Martinuzzi, S.; Murphy, S.F.; Stallard, R.F.; Pares-Ramos, I.K.;

White, A.F.; Zou, X. Water Quality and Landscape Processes of Four Watersheds in Eastern Puerto Rico;

US Geological Survey: Reston, VA, USA, 2012.



Forests 2019, 10, 210 16 of 18

36. Reagan, D.P.; Waide, R.B. The Food Web of a Tropical Rain Forest; University of Chicago Press: Chicago, IL,

USA, 1996; ISBN 0-226-70599-4.

37. Walker, L.R. Summary of the effects of Caribbean hurricanes on vegetation. Biotropica 1991, 23, 442–447.

38. Rudel, T.K.; Perez-Lugo, M.; Zichal, H. When fields revert to forest: development and spontaneous

reforestation in post-war Puerto Rico. Prof. Geogr. 2000, 52, 386–397. [CrossRef]

39. Koenig, N. A Comprehensive Agricultural Program for Puerto Rico; United States Department of Agriculture:

Washington, DC, USA, 1953.

40. Lugo, A.E. Heartsill-Scalley Research in the Luquillo Experimental Forest has advanced understanding of

tropical forests and resolved management issues. In USDA Forest Service Experimental Forests and Ranges;

Springer: New York, NY, USA, 2014; pp. 435–461.

41. Crow, T.R. A rainforest chronicle: a 30-year record of change in structure and composition at El Verde,

Puerto Rico. Biotropica 1980, 12, 42–55. [CrossRef]

42. Crow, T.R.; Weaver, P.L. Tree Growth in a Moist Tropical Forest of Puerto Rico; Institute of Tropical Forestry:

Río Piedras, PR, USA, 1977.

43. Drew, A.P.; Boley, J.D.; Zhao, Y.; Johnston, M.H.; Wadsworth, F.H. Sixty-two years of change in subtropical

wet forest structure and composition at El Verde, Puerto Rico. Interciencia 2009, 34, 34.

44. Heartsill Scalley, T. Insights on Forest Structure and Composition from Long-Term Research in the Luquillo

Mountains. Forests 2017, 8, 204. [CrossRef]

45. Parresol, B.R. Basal area growth for 15 tropical tree species in Puerto Rico. For. Ecol. Manag. 1995, 73, 211–219.

[CrossRef]

46. Shugart, H.H. A Theory of Forest Dynamics. The Ecological Implications of Forest Succession Models; Springer:

New York, NY, USA, 1984; ISBN 0-387-96000-7.

47. Wadsworth, F.H.; Englerth, G.H. Effects of the 1956 hurricane on forests in Puerto Rico. Caribb. For. 1959, 20,

38–51.

48. Shiels, A.B.; González, G.; Willig, M.R. Responses to canopy loss and debris deposition in a tropical forest

ecosystem: Synthesis from an experimental manipulation simulating effects of hurricane disturbance.

For. Ecol. Manag. 2014, 332, 124–133. [CrossRef]

49. Zimmerman, J.K.; Hogan, J.A.; Shiels, A.B.; Bithorn, J.E.; Carmona, S.M.; Brokaw, N. Seven-year responses of

trees to experimental hurricane effects in a tropical rainforest, Puerto Rico. For. Ecol. Manag. 2014, 332, 64–74.

[CrossRef]

50. Silver, W.L.; Brown, S.; Lugo, A.E. Effects of changes in biodiversity on ecosystem function in tropical forests.

Conserv. Biol. 1996, 10, 17–24. [CrossRef]

51. Silver, W.L.; Kueppers, L.M.; Lugo, A.E.; Ostertag, R.; Matzek, V. Carbon sequestration and plant community

dynamics following reforestation of tropical pasture. Ecol. Appl. 2004, 14, 1115–1127. [CrossRef]

52. Woodwell, G.M. Effects of ionizing radiation on terrestrial ecosystems. Science 1962, 138, 572–577. [CrossRef]

[PubMed]

53. Odum, H.T.; Murphy, P.; Drewry, G.; McCormick, J.F.; Schinhan, C.; Morales, E.; McIntyre, J.A. Effects of

Gamma Radiation on the Forest at El Verde. In A Tropical Rain Forest: A Study of Irradiation and Ecology at El

Verde; Atomic Energy Commission, Division of Technical Information: Oak Ridge, TN, USA, 1970; p. D-3.

54. Murphy, P.G. Tree Growth at El Verde and the Effects of Ionizing Radiation. In A Tropical Rain Forest: A

Study of Irradiation and Ecology at El Verde; Atomic Energy Commission, Division of Technical Information:

Oak Ridge, TN, USA, 1970; p. D-141.

55. Smith, R.F. The Vegetation Structure of a Puerto Rican Forest Before and After Short-Term Gamma Radiation.

In A Tropical Rain Forest: A Study of Irradiation and Ecology at El Verde; Atomic Energy Commission, Division of

Technical Information: Oak Ridge, TN, USA, 1970; p. D-103.

56. Scatena, F.N. The Death of a Luquillo Giant; Annual Letter; U.S.D.A. Forest Service International Institute of

Tropical Forestry: San Juan, PR, USA, 1998.

57. McCormick, J.F. Direct and Indirect Effects of Gamma Radiation on Seedling Diversity and Abundance

in a Tropical Forest. In A Tropical Rain Forest: A Study of Irradiation and Ecology at El Verde; Atomic Energy

Commission, Division of Technical Information: Oak Ridge, TN, USA, 1970; p. D-201.

58. Stellman, J.M.; Stellman, S.D.; Christian, R.; Weber, T.; Tomasallo, C. The extent and patterns of usage of

Agent Orange and other herbicides in Vietnam. Nature 2003, 422, 681. [CrossRef] [PubMed]



Forests 2019, 10, 210 17 of 18

59. Young, A.L. The History of the US Department of Defense Programs for the Testing, Evaluation, and Storage of

Tactical Herbicides; Office of the Under Secretary of Defense: Arlington, VA, USA, 2006; pp. 1–81.

60. Brown, S.; Lugo, A.E. Tropical secondary forests. J. Trop. Ecol. 1990, 6, 1–32. [CrossRef]

61. Gómez-Pompa, A.; Vazquez-Yanes, C. Studies on the secondary succession of tropical lowlands: The life cycle

of secondary species. In Proceedings of the First International Congress of Ecology: Structure, Functioning

and Management of Ecosystems, The Hague, The Netherlands, 8–14 September 1974.

62. Baccini, A.; Goetz, S.; Walker, W.; Laporte, N.; Sun, M.; Sulla-Menashe, D.; Hackler, J.; Beck, P.; Dubayah, R.;

Friedl, M. Estimated carbon dioxide emissions from tropical deforestation improved by carbon-density maps.

Nat. Clim. Chang. 2012, 2, 182. [CrossRef]

63. Giam, X. Global biodiversity loss from tropical deforestation. Proc. Natl. Acad. Sci. 2017, 114, 5775–5777.

[CrossRef] [PubMed]

64. Silver, W.; Ostertag, R.; Lugo, A. The potential for carbon sequestration through reforestation of abandoned

tropical agricultural and pasture lands. Restor. Ecol. 2000, 8, 394–407. [CrossRef]

65. Scatena, F.N.; Silver, W.; Siccama, T.; Johnson, A.; Sanchez, M.J. Biomass and Nutrient Content of the Bisley

Experimental Watersheds, Luquillo Experimental Forest, Puerto Rico, Before and After Hurricane Hugo,

1989. Biotropica 1993, 25, 15–27. [CrossRef]

66. Silver, W.L.; Scatena, F.N.; Johnson, A.H.; Siccama, T.G.; Watt, F. At What Temporal Scales Does Disturbance

Affect Belowground Nutrient Pools? Biotropica 1996, 28, 441–457. [CrossRef]

67. Silver, W.L.; Vogt, K.A. Fine-root dynamics following single and multiple disturbances in a subtropical wet

forest ecosystem. J. Ecol. 1993, 81, 729–738. [CrossRef]

68. Teh, Y.A.; Silver, W.L.; Scatena, F.N. A decade of belowground reorganization following multiple disturbances

in a subtropical wet forest. Plant Soil 2009, 323, 197–212. [CrossRef]

69. Busch, J.; Engelmann, J. Cost-effectiveness of reducing emissions from tropical deforestation, 2016–2050.

Environ. Res. Lett. 2017, 13, 015001. [CrossRef]

70. Strobl, E. The economic growth impact of hurricanes: evidence from US coastal counties. Rev. Econ. Stat.

2011, 93, 575–589. [CrossRef]

71. Shiels, A.B.; Gonzalez, G.; Lodge, D.J.; Willig, M.R.; Zimmerman, J.K. Cascading effects of canopy opening

and debris deposition from a large-scale hurricane experiment in a tropical rain forest. Bioscience 2015, 65,

871–881. [CrossRef]

72. Zimmerman, J.; Pulliam, W.; Lodge, D.; Quinones-Orfila, V.; Fetcher, N.; Guzman-Grajales, S.; Parrotta, J.;

Asbury, C.E.; Walker, L.; Waide, R. Nitrogen immobilization by decomposing woody debris and the recovery

of tropical wet forest from hurricane damage. Oikos 1995, 72, 314–322. [CrossRef]

73. Yang, X.; Warren, M.; Zou, X. Fertilization responses of soil litter fauna and litter quantity, quality, and

turnover in low and high elevation forests of Puerto Rico. Appl. Soil Ecol. 2007, 37, 63–71. [CrossRef]

74. Gonzalez, G.; Li, Y.; Zou, X. Effects of post-hurricane fertilization and debris removal on earthworm

abundance and biomass in subtropical forests in Puerto Rico. In Minhocas na America Latina: Biodiversidade e

Ecologia; Brown, G.G., Fragoso, C., Eds.; International Institute of Tropical Forestry: San Juan, PR, USA, 2007;

pp. 99–108.

75. Halleck, L.F.; Sharpe, J.M.; Zou, X.Z. Understorey fern responses to post-hurricane fertilization and debris

removal in a Puerto Rican rain forest. J. Trop. Ecol. 2004, 20, 173–181. [CrossRef]

76. Walker, L.R.; Zimmerman, J.K.; Lodge, D.J.; Guzman-Grajales, S. An altitudinal comparison of growth and

species composition in hurricane-damaged forests in Puerto Rico. J. Ecol. 1996, 877–889. [CrossRef]

77. Sanford, R.L., Jr.; Parton, W.J.; Ojima, D.S.; Lodge, D.J. Hurricane effects on soil organic matter dynamics

and forest production in the Luquillo Experimental Forest, Puerto Rico: Results of simulation modeling.

Biotropica 1991, 23, 364–372. [CrossRef]

78. Zalamea, M.; González, G.; Ping, C.-L.; Michaelson, G. Soil organic matter dynamics under decaying wood

in a subtropical wet forest: effect of tree species and decay stage. Plant Soil 2007, 296, 173–185. [CrossRef]

79. González, G.; Lodge, D.J.; Richardson, B.A.; Richardson, M.J. A canopy trimming experiment in Puerto Rico:

The response of litter decomposition and nutrient release to canopy opening and debris deposition in a

subtropical wet forest. For. Ecol. Manag. 2014, 332, 32–46. [CrossRef]

80. Silver, W.L.; Hall, S.J.; González, G. Differential effects of canopy trimming and litter deposition on litterfall

and nutrient dynamics in a wet subtropical forest. For. Ecol. Manag. 2014, 332, 47–55. [CrossRef]



Forests 2019, 10, 210 18 of 18

81. Lodge, D.J.; Cantrell, S.A.; González, G. Effects of canopy opening and debris deposition on fungal

connectivity, phosphorus movement between litter cohorts and mass loss. For. Ecol. Manag. 2014, 332, 11–21.

[CrossRef]

82. Liu, X.; Zeng, X.; Zou, X.; Lodge, D.; Stankavich, S.; González, G.; Cantrell, S. Responses of Soil Labile Organic

Carbon to a Simulated Hurricane Disturbance in a Tropical Wet Forest. Forests 2018, 9, 420. [CrossRef]

83. Gutiérrez del Arroyo, O.; Silver, W.L. Disentangling the long-term effects of disturbance on soil

biogeochemistry in a wet tropical forest ecosystem. Glob. Chang. Biol. 2018, 24, 1673–1684. [CrossRef]

[PubMed]

84. Matson, P.; Lohse, K.A.; Hall, S.J. The globalization of nitrogen deposition: consequences for terrestrial

ecosystems. AMBIO J. Hum. Environ. 2002, 31, 113–119. [CrossRef]

85. Bobbink, R.; Hicks, K.; Galloway, J.; Spranger, T.; Alkemade, R.; Ashmore, M.; Bustamante, M.; Cinderby, S.;

Davidson, E.; Dentener, F. Global assessment of nitrogen deposition effects on terrestrial plant diversity:

A synthesis. Ecol. Appl. 2010, 20, 30–59. [CrossRef] [PubMed]

86. Cusack, D.F.; Silver, W.; McDowell, W.H. Biological nitrogen fixation in two tropical forests: ecosystem-level

patterns and effects of nitrogen fertilization. Ecosystems 2009, 12, 1299–1315. [CrossRef]

87. Wood, T.E.; Detto, M.; Silver, W.L. Sensitivity of soil respiration to variability in soil moisture and temperature

in a humid tropical forest. PLoS ONE 2013, 8, e80965. [CrossRef] [PubMed]

88. Diffenbaugh, N.; Scherer, M. Observational and model evidence of global emergence of permanent,

unprecedented heat in the 20th and 21st centuries. Clim. Chang. 2011, 107, 615–624. [CrossRef] [PubMed]

89. Mora, C.; Frazier, A.G.; Longman, R.J.; Dacks, R.S.; Walton, M.M.; Tong, E.J.; Sanchez, J.J.; Kaiser, L.R.;

Stender, Y.O.; Anderson, J.M.; et al. The projected timing of climate departure from recent variability. Nature

2013, 502, 183–187. [CrossRef] [PubMed]

90. Wood, T.E.; Cavaleri, M.A.; Reed, S.C. Tropical forest carbon balance in a warmer world: a critical review

spanning microbial- to ecosystem-scale processes. Biol. Rev. 2012, 87, 912–927. [CrossRef] [PubMed]

91. Cavaleri, M.A.; Reed, S.C.; Smith, W.K.; Wood, T.E. Urgent need for warming experiments in tropical forests.

Glob. Chang. Biol. 2015, 21, 2111–2121. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access

article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


	Introduction 
	Field Manipulation Experiments in the Luquillo Experimental Forest 
	Silviculture (1930s–Today) 
	Forest Radiation Experiment (1963–1968) 
	Rain Forest Herbicide Experiment (1964–1965) 
	Giant Plastic Cylinder Study (1966–1967) 
	The GAPS Experiment (1988-Today) 
	Post-Hurricane Fertilization and Debris-Removal Experiment (1989) 
	Canopy Trimming Experiment (2002-Today) 
	Long-Term Nitrogen Addition in Two Forest Types (2002–Today) 
	Throughfall Exclusion Experiment (2008-Today) 
	TRACE: Tropical Responses to Altered Climate Experiment (2013-Today) 

	Conclusions 
	References

