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Abstract

Fine roots play an important role in plant nutrition, as well as in carbon, water, and
nutrient cycling. Fine roots account for a third of terrestrial net primary production
(NPP), and inclusion of their structure and function in global carbon models should
improve predictions of ecosystem responses to climate change. However, studies
focusing on underground plant components are much less frequent than those on
aboveground structure. This is more marked in the tropics, where one-third of the
planet's terrestrial NPP is produced. Some tropical forests have been more repre-
sented in the literature than others, as demonstrated in the collective studies in
Puerto Rico. This Caribbean island's biodiversity, frequency of natural disturbances,
ease of access to forests, and long-term plots have created an ideal place for the
study of tropical ecological processes. This literature review emphasizes 50 years of
root research and patterns revealed around Puerto Rico. The data in this review were
compiled from scientific publications, conference reports, symposiums, and raw data
shared by some researches. Emergent patterns include the shallow distribution of
fine roots, the great variation in root biomass among different forest types, little
variation in root phosphorus concentrations, the slow recovery of root biomass after
Hurricane Hugo, and the fact that most data on roots come from the wet tropical
Luquillo Experimental Forest, causing other habitat types to be underrepresented.
This review also shows the gaps in knowledge about fine roots in the island's ecosys-
tems, which should be used to promote and guide future studies.

Abstract in Spanish is available with online material.
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1 | INTRODUCTION

Tree roots are an important carbon sink in plants representing ap-
proximately 26% of total plant biomass (Cairns, Brown, Helmer, &
Baumgardner, 1997; Malhi, Doughty, & Galbraith, 2011). However,
coarse and fine roots are the most poorly understood plant com-
ponents in terrestrial ecology, which is especially true in the tropics
(Comas & Eissenstat, 2009; Pregitzer, 2002). This is problematic be-
cause tropical forests are among the most productive ecosystems in
the world (Malhi et al., 2011); thus, understanding global carbon cy-
cling requires a thorough understanding of tropical forest components.
From the little available data on tropical roots, the forests of Puerto
Rico represent a disproportionally large amount relative to its land
cover; however, many of these data are not readily available. Here, we
assemble and summarize information on root systems from studies on
tropical forests in Puerto Rico, including data from Spanish-language
publications not previously published in English. We also discuss types
of key research questions that could be addressed with these data.
Tree roots are categorized traditionally by their diameter. Roots
bigger than 2 mm in diameter are called “coarse roots,” and roots
smaller than 2 mm in diameter are often called “fine roots” (Vogt
& Persson, 1991). Fine roots can be further divided into adsorptive
and transport based on their function related to nutrient and water
uptake (lversen, 2014; McCormack et al., 2015; Pregitzer, 2002).
Around 50% of soil respiration and 33% of net primary produc-
tion (NPP) are attributed to fine roots (Hanson, Edwards, Garten,
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& Andrews, 2000; Iversen et al., 2017; Jackson et al., 1996; Kong
et al., 2014; McCormack, Adams, Smithwick, & Eissenstat, 2012;
McCormack et al., 2015). Yet, despite their importance in plant sur-
vival, and global carbon and water cycling, fine roots are poorly rep-
resented in data bases and Earth System Models (ESM; Warren et al.,
2015). One reason for this knowledge gap is the challenges associ-
ated with root sampling, which increase with higher plant diversity
and poor infrastructure accessibility as is often the case when work-
ing in the tropics (lversen et al., 2017; Lamanna et al., 2014; Siefert
et al., 2015).

Tropical forests account for around a third of terrestrial NPP
(Field, Behrenfeld, Randerson, & Falkowski, 1998), yet very little is
known about fine-root traits (as defined by Violle et al., 2007) in
the tropics compared to temperate forests (Freschet et al., 2017;
Iversen et al., 2017). Tropical trees represent around 20% of the data
in the Fine-Root Ecology Database (FRED) (Iversen et al., 2017), from
which 4% is from Puerto Rico (lversen et al., 2017). In this review, we
will first discuss the source of root data in relation to the geography
and land-use history of Puerto Rico. We then describe the sources
of data from the published literature and present the results of anal-
yses organized by the root trait categories of FRED (lversen et al.,
2017). We conclude with a discussion on root responses to environ-
mental change and future research priorities.

Puerto Rico AS A TROPICAL RESEARCH SITE.—Puerto Rico is a
Caribbean archipelago located within the geographic zone of the
tropics (Figure 1). Puerto Rico has a high diversity of ecosystems
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FIGURE 1 Map of the land cover of Puerto Rico from the USDA Gap Analysis Project (https://www.treesearch.fs.fed.us/pubs/38430/),
showing where study sites were located. Symbols represent root traits according to FRED classification. The bar plot shows the number of

studies per site
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(Harris 2012), and 10 of the 12 world orders of soils. The mean an-
nual precipitation, air temperature, and elevation range from 254
to 5,000 mm/year, 18-30°C, and from sea level to 1,338 m a.s.l.,
respectively (Frangi & Lugo, 1985; Miller & Lugo, 2009a; Murphy
& Lugo, 1986a). According to the life zones of Holdridge, Puerto
Rico's forests are considered “sub-tropical” (Ewel & Whitmore,
1973). However, according to the climate classification of Képpen-
Geiger, Trewartha, and Walter's zonobiomes, these forests are
“tropical.”

Up until the 1940s, more than 90% of today's Puerto Rican for-
ests were agricultural fields. Beginning in the 1960s, most of these
lands were abandoned following a transition of the island's economy
from agricultural to industrial (Edel, 1962; Miller & Lugo, 2009%a),
allowing the unmanaged reforestation of the island (Miller & Lugo,
2009b). Currently, more than 60% of Puerto Rico is covered by for-
ests (Brandeis & Turner 2013).

Puerto Rico has a diverse fauna and flora that are greatly
shaped by hurricane events on this island, which represent the
greatest non-anthropogenic disturbance. The combination of the
biological diversity, tropical climate, resilience to natural distur-
bances, and easy access to forest study areas makes Puerto Rico
an ideal tropical island for scientific studies. This is especially true
for the Luquillo Experimental Forest (LEF), which has been man-
aged by the USDA Forest Service (Forestry Division) and their an-
tecedents since 1898.

2 | DATA SOURCES AND ANALYSIS

We assembled source material using Google Scholar, Web of
Science, and Scopus for English-language reports, and Google
Scholar for studies in Spanish. We looked at all papers returned
when searching for the key words: “root”, “belowground”, “plant”,
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and “Puerto Rico” in English, and “raiz”, “raices”, “planta”, “Puerto
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Rico”, “suelos

nn

or “suelo”, arbol” or “arboles” in Spanish. Dr. Ariel
Lugo, director of the International Institute of Tropical Forestry—
Puerto Rico, provided raw data from Frangi and Lugo (1985),
Murphy and Lugo (1986a), Cuevas, Brown, and Lugo (1991), and
Lugo (1992). Molina Colén and Lugo (2006) and Teh, Silver, and
Scatena (2009) also provided raw data for this review. Our data
base contains 1,091 records from 46 studies, from which eight
studies are in Spanish (Yaffar, Lugo, Cuevas, Silver, & Molina
Colén, 2019).

To compare Puerto Rico's data with other tropical and global
studies, we used data from FRED (Fine-Root Ecology Database
Version 2, https://root.ornl.gov). To compare root biomass by
depth in both dry and wet forests, we defined fine roots as all
roots less than or equal to 2 mm in diameter. When a study in-
volved experimental manipulations, we used only the control data
for biomass and chemistry comparisons. We modeled root verti-
cal distribution based on Gale and Grigal (1987) asymptotic equa-
tionY = 1—Bd, where d is depth, Y is the proportion of roots from

the surface to depth d, and beta is the numerical index of rooting
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distribution (Jackson et al., 1996). High values of beta represent
deeper rooting. For this, we used cumulative fraction of biomass
for all studies that classified root biomass by depth, including fine
roots and mixed roots. We calculated the beta for only the studies
in which root biomass reached 70 cm or more, and we compared
it with the beta when using all the studies regardless of the max-
imum depth.

To compare root:shoot ratio, we used data that were collected
using the destructive method (whole-tree sampling) and reported
both belowground (fine + coarse roots) and aboveground biomass
at the record level (trunk + branches + leaves) from species with
at least three individuals. We calculated root:shoot ratio by di-
viding belowground biomass by aboveground biomass from each
species. To compare Puerto Rico root:shoot ratio data with global
meta-analyses from Cairns et al. (1997) and Mokany, Raison, and
Prokushkin (2006), we used the same formula as their methods: root
biomass = exp(-1.0850+(0.9256 x In(shoot biomass)) and root bio-
mass = 0.18 x shoot biomass, respectively.

All statistical analyses were performed in R studio (RStudio
Team, 2016). We used logarithmic regressions to compare root bio-
mass and root nutrient concentrations with depth. We performed
simple linear regressions to compare root versus shoot biomass, soil
versus root N and P, and fine-root biomass versus soil N. We used
an ANOVA to compare root:shoot ratio among species, and N and P
among species. We performed an ANCOVA to test the effect of tree
bole diameter (>5 cm and <5 c¢cm) and model source (i.e., meta-analy-
ses) on the slope of our data regression. We ran multiple regressions
between root biomass, depth, and mean annual precipitation from
the book “Los Bosques de Puerto Rico” to find the best correlate of

root biomass.

3 | THE STORY OF “ROOT DIGGING” IN
PUERTO RICO

For scientific purposes, root descriptions from Puerto Rico have
been documented since the 1940s. Most of these studies encompass
qualitative descriptions of roots (LaRue, 1952; White & Childers,
1945). From 1962 on, the study of roots became more quantita-
tive. In 1967, began a study on the structure and function of various
ecological compartments in LEF, including roots. The book that re-
sulted from this study (Odum & Pigeon, 1970), particularly chapters
by Odum and Ovington & Olson, reported root biomass, nutrient
concentrations, and morphology of 42 species in LEF. However, this
work classified fine roots as <5 mm in diameter, making it difficult to
compare with recent studies that focused on a narrower definition
of fine roots (<2 mm).

Following these studies, others have reported root biomass and
nutrient concentration as part of their measurements in Puerto Rico
(Figure 1). Most studies were based in LEF, including the tabonuco
forest (dominated by Dacryodes excelsa; Kangas, 1992; Bloomfield,
Vogt, & Vogt, 1993; Cusack, Silver, Torn, & McDowell, 2011), the

Sierra Palm forest (dominated by Prestoea montana; Frangi & Lugo,
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1985), the Colorado forest (dominated by Cyrilla racemiflora; Cusack
et al., 2011), and the elfin forest (dominated by Tabebuia rigida;
Cordero, 1999). The most studied species from these forests that in-
cluded belowground measurements were D. excelsa, Cecropia schre-
beriana, and Manilkara bidentata, from which only C. schreberiana is
within the 10 species with greatest importance value on the island
(Marcano Vega, 2019). The species with greatest importance value
of Puerto Rico, Spathodea campanulata and Guarea guidonea, are un-
derrepresented in these studies. The dry forest biome in general has
less representation of root studies in Puerto Rico (Molina Colén &
Lugo,2006; Cusack, Chou, Yang, Harmon, & Silver, 2009; Murphy
& Lugo, 1986a, 1986b). No whole-tree excavation was performed
in forests outside of the LEF; thus, dry forest species (e.g., Leucaena
leucocephala) are underrepresented for underground studies. Even
fewer studies have measured roots in other ecosystems of the island
(Parrotta, 1999; Viera Martinez et al., 2008; Marin-Spiotta, Silver,
Swanston, & Ostertag, 2009; Ostertag, Marin-Spiotta, Silver, &
Schulten, 2008; Lugo et al., 2011).

From all the studies considered here, 18% focused primar-
ily on roots; the rest included roots as a secondary measurement.
Following the FRED classification of fine-root traits (McCormack
etal.,, 2017), 25 studies considered in this review measured root sys-
tem traits, 13 measured chemical traits, nine studied root dynamics,
six looked at microbial association, four measured root physiology,
two measured root architecture and morphology, and none studied
anatomical traits (Figure 1). Here, we summarize these studies, as-
signing them by the different root traits categories of FRED.

4 | ROOT SYSTEM
4.1 | Root biomass

Fine-root classification varied among the studies that measured
fine-root biomass, making it difficult to synthesize across results.
Ovington and Olson (1970) reported, using whole-tree removal
method, an average biomass of 64.8 Mg/ha for coarse roots only
(described as more than 5 mm in diameter), and Odum (1970a) re-
ported 3.52 Mg/ha for small roots (described as <5 mm in diameter).
Together, coarse and fine roots represent 25% of total tree biomass
from these studies. Golley, Odum, and Wilson (1962) measured root
biomass (fine + coarse) from a red mangrove (Rhizophora mangle) for-
est on the southern shores of Puerto Rico. Prop-root (adventitious
aerial roots) biomass was taken by whole-tree removal; the total
prop-root biomass was 14.37 Mg/ha. Fine roots (<5-10 mm in di-
ameter) plus peat and coarse roots (>2 cm in diameter) were taken
by cores and weighed 40 and 9.97 Mg/ha, respectively. Coarse root
biomass is less than that reported by Ovington and Olson (1970) in
the LEF, which may reflect differences in vegetation, root diameter
classification, and the method of collection. Prop and coarse roots
represent 46% of total tree biomass, which is more than in Ovington
and Olson (1970). Although the diameter selected in this study for

fine roots (5-10 mm) is greater than the rest of the studies presented
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in this review, and the biomass included peat biomass, we can nev-
ertheless conclude that mangroves present especially high fine-root
biomass in Puerto Rico. Frangi and Lugo (1985) found that in a pri-
mary wet palm forest at LEF, total root biomass was 61.7 Mg/ha up
to 95 cm deep, which represents 21.5% of total tree biomass, simi-
lar to what Ovington and Olson (1970) showed. Total root biomass
was also obtained by using the coring method. Fine-root biomass
(<1 mm) was 24.6 Mg/ha within 30 cm of depth and 27.2 Mg/ha at
95 cm of depth.

In the book “Los Bosques de Puerto Rico” (Lugo, 1983), seven
studies reported root biomass by depth but not by species or di-
ameter classification (Table S1). The variability in plant composition,
precipitation, and soil type made root biomass distribution variable
as well. We performed multiple regressions between root biomass,
depth, and mean annual precipitation, but no pattern was found. The
floodplain in Patillas (Alvarez, Quevedo, & Blay, 1983) has the high-
est root biomass in the book (35.5 Mg/ha), which could be related
to the species composition (mangrove forest), high organic material
accumulated in that horizon, and the anoxic conditions. This biomass
is 15 Mg/ha less than the one reported by Golley et al. (1962), who
included peat in the biomass calculations. The lowest root biomass
was from a mature forest in Maricao with 6.27 Mg/ha in 30 cm of
depth (Rivera, Toro, & Gomez, 1983) where the soils were very dry
and poor in calcium (Whittaker, 1954).

In the 1990s, more studies began to consider fine roots follow-
ing the “less than 2 mm in diameter” classification and using coring
methods instead of total tree removal. Lugo (1992) reported 2.4 Mg/
ha of fine-root biomass (<1 mm diameter) within 30 cm of depth in
the tabonuco mature forest at LEF, which is around 10% of what was
reported by Frangi and Lugo (1985). McGorddy and Silver (2000)
found that fine-root biomass decreased in an elevation gradient at
LEF (from 4.7 Mg/ha at 1,000 m.a.s.I to 1.5 Mg/ha at 180 m.a.s.l, in
10 cm of depth). For a secondary forest in LEF, Cuevas et al. (1991)
and Lugo (1992) measured 3.6 Mg/ha of fine-root biomass (<2 mm
diameter, to 30 cm depth) and 2.7 Mg/ha (<1 mm diameter, to 20 cm
depth), respectively, which are slightly greater than the reported for
a mature forest (2.4 Mg/ha; Lugo, 1992).

Fine-root biomass in a pine plantation in LEF was 0.7 Mg/
ha (Cuevas et al., 1991) and 0.9 Mg/ha (Lugo, 1992). A mahogany
(Swietenia macrophylla) plantation in LEF had an average fine-root
biomass of 1.1 Mg/ha (Lugo, 1991), which is similar to the pine plan-
tation and less than the secondary forest. Fine-root biomass (<1 mm)
in this same study represents on average around 20% of total root
biomass, and total root biomass did not exceed 20.6 Mg/ha (Lugo,
1992), which is a third of what Ovington and Olson (1970) reported.

In a dry mature forest, Murphy and Lugo (1986a) measured a
total fine-root biomass (<1 mm diameter) of 1.5 Mg/ha up to a depth
of 100 cm, and 1.25 Mg/ha up to 30 cm of depth, which is less than
in the wet mature forest (Frangi & Lugo, 1985; Lugo, 1992). Total
root biomass was also less than what Ovington and Olson (1970),
and Frangi and Lugo (1985) reported for the wet mature forest
45 Mg/ha, but higher than the secondary forests and plantations
(Lugo, 1992).
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Molina Colén and Lugo (2006) reported a fine-root biomass
(<2 mm diameter) of 5.39 Mg/ha at only 10 cm of depth in a dry ma-
ture forest, which is more than three times higher than Murphy and
Lugo (1986a). The difference in fine-root biomass between Murphy
and Lugo (1986a) and Molina Colén and Lugo (2006) might be ex-
plained by the root diameter size and the depth of collection.

Fine-root biomass from different land uses in the dry forest of
Puerto Rio was also reported by Molina Coldn and Lugo (2006). In
the previous land-use types of former human settlements (houses),
a baseball park, an agricultural field, and a charcoal production area,
fine-root biomass was 0.2, 0.3, 0.28, and 0.47 Mg/ha of fine roots,
respectively. These urban forests had less root biomass in the top
10 cm than any other site of the island.

4.2 | Vertical root distribution

Studies that have separated root data by different soil depth lay-
ers show a declining fine-root biomass with depth. This pattern
is clear for both, wet and dry forests of Puerto Rico (Figure 2a,b).
Data points taken by Molina Colén and Lugo (2006) and Murphy
and Lugo (1986a) from the dry forest show less root biomass than
in the rain forest.

The vertical root distribution of the dry forest of Puerto Rico is
slightly deeper than the wet forest, based on the beta coefficient
(Gale & Grigal, 1987; Jackson et al., 1996). However, Puerto Rico's
rooting distribution is shallower than other tropical evergreen for-
ests globally. On average, a tropical evergreen forest has a beta of
0.96-0.97 (Jackson et al., 1996; Schenk & Jackson, 2002), whereas
beta in the wet tropical forest of Puerto Rico is 0.90 and 0.91 in the
dry forest (Figure 3). A smaller beta value describes a greater pro-
portion of roots closer to the soil surface. We obtained similar beta
when we only used studies with depths greater than 70 cm (Frangi &
Lugo, 1985; Lugo, 1992; Murphy & Lugo, 1986a). Although we need
more studies that consider deeper sampling, we can conclude that
more than 80% of root biomass in the island is in the first 20 cm of
depth. Further, Odum (1970b) study showed that less than 1% of
roots were found deeper than 80 cm at LEF.

4.3 | Root: shoot ratio

Some studies reported on belowground and aboveground biomass
of common species by removing whole trees from seedlings to adult
trees up to 35 cm in diameter (Cordero, 1999; Fetcher et al., 1996;
Ovington & Olson, 1970; Parrotta, 1999; Stone, Plante, & Casper,
2013). Ovington and Olson (1970) studied total below- and above-
ground biomass of 42 species in LEF. Fetcher et al. (1996) meas-
ured below- and aboveground biomass from two pioneer species
(Phytolacca rivinoides, C. schreberiana) and two non-pioneer species
(P. riparia, M. bidentata) in LEF under fertilization treatments. Cordero
(1999) reported root biomass of C. shcreberiana in the elfin forest of

LEF from an experiment looking at wind exposure on plant form.
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FIGURE 2 Logarithmic regression of root biomass in kg/ha by
depth in (a) a wet forest and (b) a dry forest (studies are represented
by authors, which are organized by colors)

Parrotta (1999) describes root biomass from Casuarina equisetifolia,
Eucaliptus robusta, and L. leucocephala from experimental plantations
at Toa Baja. Stone et al. (2013) measured above- and belowground
biomass of Tabebuia heterophyla planted in a greenhouse with soil
from LEF and different fertilization treatments. We used these data
(with no treatment) to compare root:shoot ratio among species.

On average using all diameter roots, the root:shoot ratio from
these studies is 0.45, ranging from 0.78 in C. shreberiana to 0.19 in
Ocotea leucoxylon, but variation within species was large, and there
was no statistically significant difference among species. Root:shoot
ratio is greater in trees with bole diameter >5 cm (p < .01) compared
to smaller trees (diameter <than 5 cm). However, we also found no
differences among species within each size category. C. borinquensis
and C. shreberiana have the highest root shoot ratio for the trees
>5 c¢m in diameter, and S. berteroana has the lowest root shoot ratio
in this size class. However, S. berteroana has the highest root:shoot

ratio for trees <5 cm in diameter, and O. leucoxylon has the lowest
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FIGURE 3 Comparison between the vertical rooting distribution
of studies in Puerto Rico from wet forests (blue line), dry forests
(green line), and the generalized beta distribution of the tropics
(Jackson et al., 1996; red line)

ratio. Thus, we can conclude that tree diameter plays an important
role in root:shoot ratio.

The root versus shoot biomass regression for trees of all di-
ameters shows a significant difference (p < .05) of the slopes be-
tween our model and the models reported in two meta-analyses
for tropical evergreen forests (Cairns et al., 1997; Mokany et al.,
2006; Figure 4). Trees >5 cm diameter have greater root biomass
than predicted in the two global meta-analyses (Cairns et al., 1997;
Mokany et al., 2006), and trees <5 cm diameter have a shallower
slope than that of the larger trees (Figure 4). These meta-analyses
considered more samples from around the world and a wider range
of tree size class. However, these studies also used root data from
different methods of collection, such as soil cores for fine roots,
whole-tree excavation (direct), and/or tree diameter (allometry:
indirect), which could lead to the differences of total root biomass

compared to using whole large tree excavation only (Waring &
Powers, 2017).

5 | ROOT CHEMISTRY

A few studies measured root nitrogen (N) and phosphorus (P) con-
centrations in Puerto Rico, one of which (Pett-Ridge & Silver, 2002)
did not considered tree roots and was thus dropped from the analy-
sis. Some authors reported N and P from only fine roots (Cuevas
et al., 1991; Lugo, 1992; Murphy & Lugo, 1986a; Parrotta, 1999;
Scatena, Silver, Siccama, Johnson, & Sanchez, 1993), whereas oth-
ers reported from a mixed sample of fine and coarse roots (Lugo
et al., 2011; Ovington & Olson, 1970). Only Parrotta (1999), Lugo
et al. (2011), and Ovington & Olson (1970) reported root nutri-
ent concentration by species. The rest of the studies used coring

methods, and root nutrient concentration was not species-specific
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FIGURE 4 Linear correlation between root and shoot biomass
from Puerto Rico data in blue, a worldwide meta-analysis (Cairns
et al.,, 1997) in black, and another global meta-analysis only for
forests (excluding shrublands, grasslands, Mokany et al., 2006) in
red. The large graph shows all trees collected with various bole
diameters, and the inset graph shows the correlation using only
trees <5 cm bole diameter

(Table S2). We compared these data separately based on the
method of collection. Nevertheless, considering that root nutri-
ent concentration changes with root diameter (lversen, Ledford, &
Norby, 2008; Jia, Wang, Li, Zhang, & McLaughlin, 2011; Luse, 1970;
Xia, Guo, & Pregitzer, 2010), soil nutrient availability (Gower, 1987;
Li et al., 2015; Vogt et al., 1995), and whether the tree is an N-fixer
(Valverde-Barrantes, Raich, & Russell, 2007), this comparison can
suggest only broad patterns.
From the studies that used the coring methods, Cuevas et al.
(1991) and Lugo (1992) reported very similar P (0.03%) and N
(0.6%-0.8%) concentrations in fine roots (<2 mm) from a pine
plantation and its adjacent secondary forest (Table S2). However,
fine-root N and P concentrations were higher in the mahogany
plantation (0.06% P, 1.0% N) and its adjacent secondary forest
(0.06% P, 1.3% N; Lugo, 1992; Table S2). Scatena et al. (1993)
showed similar P concentration (0.05%) but higher N concentra-
tion (1.57%) for fine roots (<5 mm in diameter) in a mature forest
of Bisley, LEF (Table S2). Silver & Vogt (1993) found even higher
fine-root N concentration (1.8%) in the same forest of Bisley, but
still similar P concentration (0.05%; Table S2). In the dry forest,
Murphy and Lugo (1986a) reported similar P and N concentrations
to what was found for Bisley (0.06% and 1.4%, respectively; root
diameter <1 mm; Table S2). Both fine-root N (Figure 5a) and fine-
root P (Figure 5b) concentrations decrease exponentially with
depth.
Fine roots reported in Puerto Rico have a similar range in root
N concentration compared to other species from the tropics,
ranging from 0.3% to 1.9% (Collins, Wright, & Wurzburger, 2016;
Gijsman, Alarcén, & Thomas, 1997). Gijsman et al. (1997) reported N
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concentration in fine roots (<2 mm) from Panama (1.25%), which is
higher than the average for roots less than 2 mm in Puerto Rico (0.9%
N). The lowest root N concentration is from the pine plantation and
secondary forest of Guzman, which skewed the total root N average.
Puerto Rico has a slightly lower mean P concentration (0.04%) com-
pared to other studies. A study in Barro Colorado, Panama (Collins
et al., 2016), and a study in Maui-Hawaii (Schuur, 2001) reported a P
average for roots <2 mm in diameter of 0.06 and 0.05%, respectively.
However, the average root P concentration in Puerto Rico is highly

influenced by the low P concentration in the pine plantation. Further,
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FIGURE 5 Logarithmic correlation between (a) fine-root
nitrogen (%) and soil depth, and (b) fine-root phosphorus (%) and
soil depth, using data from four studies in Puerto Rico that used the
coring method
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species composition plays an important role in fine-root nutrient con-
centrations, as well as root diameter, and soil nutrient availability as
reported in other studies (Gordon & Jackson, 2000; lversen et al.,
2008; Jia et al., 2011; Li et al., 2015; Luse, 1970; Valverde-Barrantes
et al., 2007; Xia et al., 2010).

Using available data for root nutrient concentration where spe-
cies identity was known and tree diameters varied (Lugo et al., 2011;
Ovington & Olson, 1970; Parrotta, 1999), we found that there is
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FIGURE 6 Linear correlation between (a) fine-root nitrogen
(%) and soil nitrogen (%) and (b) linear correlation between fine-
root biomass and soil nitrogen (%) from secondary forests, pine
plantations, and mahogany plantations in LEF
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a significant difference in N concentration (p < .01) among the 38
studied species (Figure S1), but no statistically significant difference
in P concentration. The legumes Ormosia rugii and Inga vera had
higher N (1.32% and 1.07%, respectively), and L. leucocephala had
the lowest N concentration (0.13%) (Figure S2).

We correlated fine-root nutrient concentration with soil nu-
trient concentration using raw data from Lugo (1992) and Cuevas
et al. (1991). There is a positive linear correlation between soil N
and fine-root N (Figure 6a). The same pattern is shown for fine-
root P and soil P, although there is an outlier that drives much of
the regression (Figure S3). Fine-root biomass is also positively cor-
related with soil N (Figure 6b), but not with soil P.

6 | ROOT DYNAMICS
6.1 | Root production

Two studies analyzed root production among Puerto Rico's forests
(Cuevas et al., 1991), and one measured root regrowth (Kangas,
1992). Cuevas et al. (1991) used ingrowth cores to measure root
production (<2 mm in diameter) collected every 6 months in plan-
tation plots and a paired secondary forest plot at LEF. They found
that a secondary forest produced on average 8.54 Mg ha™t year’1 of
fine roots in the first 30 cm of soil depth, while that of a pine plan-
tation was 1.15 Mg ha™! year™. The differences were explained by
species richness, litterfall decomposition rate, and a combination of
conditions that promote root production. Templer, Silver, Pett-Ridge,
DeAngelis, and Firestone (2008) reported a root production (<2 mm
in diameter) of 1.6 Mg/ha over 11 months in 10 cm of soil depth in a
mature forest of LEF. If this production is maintained constant over
a year, root production would be 1.74 Mg ha™! year™ which, despite
the soil depth differences, is five times less than the one reported by
Cuevas et al. (1991) for a secondary forest.

Kangas (1992) measured fine-root regrowth using pit excavation
and re-excavation in 10 sites of a mature forest at LEF after 1 and
4 years. However, due to the long inter-collection intervals, only the
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biomass accumulation was measured, not production. Kangas (1992)
showed a root accumulation of 2.89 Mg ha™! year! after a year and
4.77 Mg/ha after 3 years.

6.2 | Root decomposition

Six studies measured root decomposition in Puerto Rico, most of
them in the wet forest of LEF and some in the dry forest (Table 1).
Silver and Vogt (1993) used trench plots to measure fine-root de-
composition in LEF (tabonuco forest). They found that 65% of fine-
root biomass remained after a year (decay constant k of 0.4 per
year), which resembles the global pattern of root decomposition
for broadleaf trees (Silver & Miya, 2001; Table 1). In the same for-
est, Bloomfield et al. (1993) used litterbags to compare root and leaf
decay. They found no difference in root decay between riparian and
upper-slope sites, which means that moisture was not as important
as substrate quality for decay rate. In this same study, they found
that root decay was slower for roots than for leaves in D. excelsa and
P. montana. Leaves had more Ca than roots, whereas Al and Fe were
higher in roots than in leaves. Further, they found that root decay for
D. excelsa had a slower rate than roots of P. montana. This was ex-
plained by the N found within its roots for microbial decomposition.

In southeastern Puerto Rico (Sierra de Cayey), Ostertag et al.
(2008) measured root decomposition for a forest chronosequence.
Root decomposition was fastest in the 60-year-old sites and slower
in the 10- and 30-year-old sites (k constant: 0.76, 0.48, and 0.46 per
year, respectively). The total final mass remaining ranged from 26%
to 39% after 22 months. Similar patterns in decomposition with for-
est age were reported by Silver and Miya (2001); thus, older forests
seem to have faster fine-root decomposition.

Cusack et al. (2009) analyzed root and leaf decomposition of
Andropogon gerardii, Drypetes glauca, and Pinus elliotti from LIDET
(Long-term Intersite Decomposition Experiment Team) data, which
included Luquillo wet forest and Guanica dry forest, Puerto Rico.
Fastest decomposition of root biomass was found in Luquillo com-
pared to Guanica (k constant: 1.06 and 0.26 per year, respectively).

TABLE 1 Fine-root decomposition rate (k value) in Puerto Rico by site, author who reported, and forest species dominance

Site Precipitation (mm) Author Species k (per year)

LEF 4,000 Bloomfield et al. (1993) Prestoea montana 0.6

LEF 4,000 Bloomfield et al. (1993) Dacryodes excelsa 0.83

LEF 3,500 Silver and Vogt (1993) Mix 0.4

LEF 3,363 Cusack et al. (2009) Mix 1.06

Sierra de Cayey—10-year-old 2,000 Ostertag et al. (2008) Mix 0.48
site

Sierra de Cayey—30-year-old 2,000 Ostertag et al. (2008) Mix 0.46
site

Sierra de Cayey—60-year-old 2,000 Ostertag et al. (2008) Mix 0.76
site

Guanica—PR 508 Cusack et al. (2009) Mix 0.26

Global - Silver and Miya (2001) Mix 0.46
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From the three species, A. gerardi had the fastest root decomposi-
tion, and P. elliotti had the slowest. Corroborating this, Harmon et al.
(2009) reported, based on the same data base from LIDET, that
P. elliotti had the largest root remaining of all the studied species
(40.28%).

7 | ROOT PHYSIOLOGY

Templer et al. (2008) measured fine-root nitrogen uptake in a *°N H4+
and 15N03' addition experiment at LEF. They used ingrowth cores
which were harvested sequentially up to 7 days. Fine roots took up
28% of the inorganic N during the first 24 hr, especially from >NH}
(~80%). Roots represented a significantly greater sink for N from
15NH:{ compared to microbial biomass, but not for 1°NO3.

Another physiological trait measured in Puerto Rico is root
phosphatase activity. Luse (1970) found that when applying 2P in
the litter layer of a plot in LEF, fine roots from saplings had higher
amounts of *2P (20 times higher) than soils, and he attributed this to
phosphatase activity and fungal diversity. Stone et al. (2013) used
seedlings of T. heterophylla in a fertilization experiment and showed
that, when adding P in the soil, phosphatase activity decreased sig-
nificantly. Cabugao et al. (2017) corroborated this when they found
a negative correlation of root phosphomonoesterase (PME) activity
with P availability increase on adult trees up to 20 cm in diameter.
However, Cabugao et al. (2017) also found that tree species play an
important role in modulating root and bacterial PME activity even in
the same P conditions. Both studies support the negative correla-
tion pattern between phosphatase activity and soil P availability
(Treseder & Vitousek, 2001).

8 | MICROBIAL ASSOCIATIONS

Root microbial associations have rarely been studied in Puerto Rico
but have become more common in the past 5 years. The first time
that root mycorrhizal colonization was mentioned in a Puerto Rico
study was in 1950 by the Puerto Rican Forest Service (Briscoe,
1959), when Pinus species (P. elliottii and P. caribaea) were success-
fully established only after been inoculated with mycorrhizal fungi.

Due to Puerto Rico's large diversity in endemic orchids and
their mycorrhizae specificity, fungal mycorrhizae and endo-
phytes in these plants were also studied on the island. Bayman,
Lebrén, Tremblay, and Lodge (1997) described fungal endophytes
from seven species of orchid roots and leaves from Carite State
Forest. They found that root endophytes Xylaria and Rhizoctonia
were more commonly found in roots (29% and 45%, respectively).
Further, the same authors found that the naturalized orchid
Oeceoclades maculata is highly specific to the mycorrhizae fungi
Psathyrella cf. candolleana during seed germination, but promis-
cuous as an adult (Bayman, Mosquera-Espinosa, Saladini-Aponte,
Hurtado-Guevara, & Viera-Ruiz, 2016).
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Bachelot, Uriarte, McGuire, Thompson, and Zimmerman
(2017) and Bachelot et al. (2018) studied the diversity of mycor-
rhizal fungi in the wet forest of Puerto Rico. Bachelot et al. (2017)
found that at the local scale, arbuscular mycorrhizal fungi (AMF)
diversity in soil counteracted negative effects of leaf damage on
seedling mortality. At the community scale, only rare tree species
seedlings benefited from soil AMF diversity. Bachelot et al. (2018)
showed that early-successional plant species are less dependent
on the diversity of AMF than mid- and late-successional plant spe-
cies, which contradicts other findings in tropical studies (Fischer
et al., 1994; Kiers, Lovelock, Krueger, & Herre, 2000; Matsumoto
et al., 2005).

The only study that has related the microbiota with root archi-
tecture and morphology is described in Irizarry and White (2017).
They germinated wild cotton (Gossypium hirsutum) seeds that were
inoculated with bacteria isolated from non-cultivated Malvaceae
plants from various parts of Puerto Rico, including Rincén, Guayama,
and LEF. They found that the bacteria Bacilus amyloliquefaciens en-
hanced primary and lateral root growth by three times in comparison
with those without the bacteria. Further, roots from an inoculated
seed had thinner roots and higher root branching ratio than with no

inoculation.

9 | ROOT RESPONSE TO
ENVIRONMENTAL CHANGES

Fine-root responses to environmental changes have not been well
documented in the tropics compared to temperate forests (Cuevas
& Medina, 1988; Fetcher et al., 1996; Silver & Vogt, 1993; Wright
et al., 2011). However, since hurricanes are the major non-anthro-
pogenic disturbance in Puerto Rico, a few studies measured root
response to hurricanes. Soil fertilization and drought are other en-
vironmental changes that were less studied in the island. Human
disturbance, specifically soil compaction, was also measured in

Puerto Rico.

9.1 | Root adaptation to hurricanes

Root grafting is a common morphological root trait in hurricane
prone areas (Basnet, Scatena, Likens, & Lugo, 1993; LaRue, 1952;
Lugo & Scatena, 1995). LaRue (1952) found more tree genera ex-
hibiting root grafting in Puerto Rico than in any temperate forests
he studied. Lugo and Scatena (1995) suggested that tree unions
may offer a more secure foundation when exposed to hurricane
winds. For example, tabonuco (D. excelsa) trees on ridges tend to
have more root grafting than on slopes and are known to be more
successful in surviving and resprouting after hurricanes than trees
without these unions (Lugo & Scatena, 1995). However, only big-
ger trees (>5 cm in diameter) present unions (Basnet et al., 1993).

Further, root grafting also forms an organic bench which can
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provide better conditions for root aeration and nutrient accumula-
tion (Basnet et al., 1993).

9.2 | Root response to hurricanes

Studies showed a decrease in root biomass almost immediately after
a hurricane disturbance (Parrotta & Lodge, 1991; Silver & Vogt,
1993). Root recovery rate varied depending on the hurricane inten-
sity, precipitation during the recovery period, litter decomposition
rate, and species-specific root traits such as root length (Beard et al.,
2005; Lodge, Winter, Gonzalez, & Clum, 2016; Parrotta & Lodge,
1991).

Silver and Vogt (1993) simulated a hurricane disturbance by re-
moving all aboveground biomass. After 2 months from the removal,
root biomass declined 40%. This same study measured root biomass
after Hurricane Hugo, where root biomass declined for the next
8 months. Silver & Scatena (2009) continued measuring root bio-
mass on the same sites and showed that it took more than 10 years
to recover root biomass after Hurricane Hugo (Figure 7). Recovery
was even slower for plots with aboveground removal. Root nutrient
concentrations (P and K) decreased after biomass removal, and root
P decreased even more after the hurricane.

Parrotta and Lodge (1991) measured fine-root (<3 mm) bio-
mass before and after Hurricane Hugo at El Verde Field Station
area (LEF). They showed that live fine-root biomass decreased
from 4.23 Mg/ha to 0.02 Mg/ha 2 months following the hurri-
cane. Fine-root biomass recovery was slow, reaching to 0.49 Mg/
ha after 8 months (Parrotta & Lodge, 1991). This slow recovery
was attributed to physical disturbance, moisture stress (low rain-
fall after Hugo), and changes in non-structural carbohydrates in
coarse roots.

Beard et al. (2005) showed that root mortality increased imme-

diately after Hurricane Hugo. They also noted that each species
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FIGURE 7 Ten years of root biomass from LEF, before and after
hurricane Hugo, since 1990 to 1999
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had different decay rates and capacity to conserve nutrients. For
example, tabonuco (D. excelsa) showed a faster decay rate com-
pared to other common species, resulting in faster recovery time.
Beard et al. (2005) concluded that the post-Hugo drought might
have influenced the root recovery, causing high root mortality and
emphasizing the importance of considering multiple disturbance
responses. Ongoing investigations are measuring the effect of
previous warming treatments in the TRACE experiment (Kimball
et al., 2018) on root responses after Hurricanes Irma and Maria in
2017 (Yaffar 2020).

Lodge et al. (2016) correlated fine-root length with coarse woody
debris from Hurricane Hugo and Hurricane Georges (Lodge et al.,
2016). Root length was used to indicate nutrient hotspots. They found
that root length was greater away from dead logs in the dry season
and greater under logs during the wet season. Despite root length
being significantly positively correlated with soil microbial C, the lat-
ter did not differ between dry and wet season, which is inconsistent
with a competitive exclusion hypothesis. They hypothesized that soil
P may have contributed to the rooting patterns, or the differences in
the secondary compounds of the decaying logs might result in fine-
root length differences. The Torres (1994) study suggested that abo-
veground adventitious roots from Cyrilla racemiflora extract nutrients
from dead wood from the same tree or nearby trees, allowing its re-

covery in LEF.

9.3 | Root response to soil chemical and
physical changes

Fetcher et al. (1996) measured the response of tree seedlings, two
pioneers (C. schreberiana and P. rivinoide) and two non-pioneers
(M. bidentata and riparia), to fertilization in a landslide at LEF.
Across all four species, there was more allocation to roots in the
N + P treatment than in the N or P treatments alone. The pioneer
species responded more to nutrient addition than the non-pioneer
species. This was explained by the high potential growth and pho-
tosynthetic rates of pioneer species, as well as the mycorrhizal
colonization.

Stone et al. (2013) found that seedlings of another early-succes-
sional native species, T. heterophylla, in LEF increased its root bio-
mass only with P addition. Contrary to Fetcher et al. (1996), Stone
et al. (2013) showed no changes in root biomass when increasing
soil N + P. Additionally, they measured changes in five extracellu-
lar enzyme activities, which helped correlate soil P deficiency with
root growth when P was added. Therefore, multiple species-spe-
cific root traits, such as enzymatic activity, root morphology, ar-
chitecture, root hair density, and mycorrhizal colonization, should
be taken into consideration in future studies to correlate with soil
nutrient concentrations and better understand root uptake.

Soil compaction is another environmental factor, usually hu-
man-driven, that affects root growth. Tirado-Corbald & Slater
(2010) measured root biomass from seedlings of planted trees

of Puerto Rico in different soil types and compaction levels.
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Compaction caused a significant decrease in root mass for Tecoma
stans but not for Tabebuia rosea or Callistemon citrinus. The three
tree species presented higher root mass grown in sandy clay loam
soils compared to trees grown in clay soil. Future studies should
measure soil texture and compaction in relationship to different
root physiological traits to better understand root response to soil
physical changes.

10 | CONCLUSIONS AND RESEARCH
OPPORTUNITIES

The studies mentioned in this review gathered important pieces
of information regarding root traits from different forest types in
Puerto Rico over the past 50 years. Some of the conclusions we
gathered from this collection are as follows: (a) Rooting depth distri-
bution in the wet forest is shallower (above 20 cm) than presented in
other tropical studies, yet only three studies considered rooting dis-
tribution further than 30 cm in depth. Thus, we suggest that more
future studies confirm this pattern in the different forest types. The
dry forest has slightly deeper distribution than the wet forest, but
there are not enough data on vertical distribution of roots in the
dry forest for a strong conclusion. (b) Total root biomass is greater
in the wet forest than in the dry forest. (c) Fine-root biomass is
much greater in the palm primary forest (wet forest-LEF), followed
by the secondary wet forest (LEF), the dry mature forest (Guanica),
a mahogany plantation, a pine plantation, and urban forests in the
dry area of the island. (d) There is a positive correlation between
fine-root biomass and soil N concentration in the secondary forest
and plantation. (e) Root N and P concentrations are species-specific
and vary with root diameter. (f) Root:shoot ratio varies depending
the tree bole diameter (smaller trees have lower root:shoot ratio
than larger trees), and it is higher in Puerto Rico (for trees >5 cm
in diameter) compared to other tropical sites. (g) The diversity of
mycorrhizal fungi is correlated with plant successional type, where
early-successional plant species are less dependent on AMF diver-
sity than mid- and late-successional plants. (h) Root grafting is an
advantageous morphological trait in response to hurricane winds.
(i) Root recovery after multiple disturbances (hurricane + drought)
takes up to 10 years.

Studies including root data in Puerto Rico are very representative
for the tropics, considering its land cover. However, there are many
fine-root functional traits that have not been fully explored. There
have only been two studies that have established long-term research
to quantify the plasticity of root traits and their response to environ-
mental changes. The nutritional advantage (if any) of root grafting
has not been evaluated. Further, different root morphological, archi-
tectural, and chemical traits have not been directly correlated with
the physiological traits. These are some of the understudied areas
that could lead to future studies. Our synthesis can be used to enrich
root data base representation of the tropics, as well as provide more
conclusive evidence for important hypotheses in root ecology that

will ultimately better inform Earth System Models.
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