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RESUMEN 

Antecedentes 

Las plantas para sobrevivir, crecer y reproducirse han desarrollado a lo largo de su evolución 

adaptaciones que les permite soportar cambios ambientales en varias escalas espaciales y 

temporales. La asignación de recursos entre la supervivencia, crecimiento y reproducción 

depende de las adaptaciones de cada especie y de las condiciones ambientales donde éstas 

crecen. Cuando los recursos como el agua o nutrientes son limitados, las plantas adaptan su 

fisiología o morfología redistribuyendo los recursos para su supervivencia, crecimiento y 

reproducción. Si las limitaciones de agua y nutrientes se vuelven más extremas, se generan 

condiciones de estrés para la planta y podría ocurrir competencia o facilitación por los recursos. 

Estas interacciones pueden generar heterogeneidad ambiental provocando una agregación local 

con otros individuos de su misma especie y con las de otras especies. La disponibilidad de 

recursos generalmente está representada por el tamaño de la planta, el cual puede influir 

directamente en la reproducción y crecimiento. Plantas más grandes invierten 

proporcionalmente más en la reproducción, por tanto, los costos de reproducción podrían 

aumentar con el tamaño de la planta. El tamaño de la planta también puede ser influido por la 

densidad dentro de un vecindario vegetal, y consecuentemente mediar la producción de flores 

femeninas en especies unisexuales. El cambio climático antropogénico, las perturbaciones por 

el pastoreo y la deposición de nutrientes proveniente de la producción agrícola están 

imponiendo nuevas fuerzas selectivas en las poblaciones de plantas. Las plantas si no 

responden a estos cambios adaptándose a nuevas condiciones ambientales, correrían el riesgo 

de desaparecer. 

 

Objetivos 
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En esta tesis doctoral se examinan factores que influyen en la expresión sexual y reproducción 

de especies de Croton, un arbusto clave para el funcionamiento del matorral seco interandino 

en Loja, Ecuador. El objetivo principal fue contribuir al conocimiento de factores bióticos y 

abióticos determinantes de la variación en la reproducción de Croton, y su vulnerabilidad frente 

al cambio global  

En el primer capítulo evaluamos si la variación entre años y entre sitios, el tamaño de 

la planta, la densidad de plantas y el área del dosel de vecinos conespecíficos influyeron en la 

expresión y agregación espacial de la feminidad de Croton. Nuestros resultados indican que 

sitios con diferente elevación, tamaño de la planta y cobertura vegetal influyeron en la 

expresión sexual de Croton y en la agregación de la feminidad. Se encontraron patrones 

agregados de feminidad en más parcelas en el sitio con menor elevación.  

En el segundo capítulo realizamos un experimento para evaluar cómo la variación en 

temperatura y humedad a lo largo de un gradiente de elevación, la adición de Nitrógeno (N) y 

Fósforo (P), y el pastoreo influyen en la sincronía de la floración y reproducción de Croton. 

Los resultados revelaron que plantas de mayor tamaño, sitios con temperaturas más altas y una 

mayor disponibilidad de nitrógeno aumentaron la sincronía reproductiva en Croton. El 

aumento de la sincronía reproductiva, los sitios con mayor temperatura y la adición de N y P 

incrementaron la producción de frutos y la germinación de semillas de Croton. Estos resultados 

sugieren que una reducción en la sincronía de floración podría afectar el éxito reproductivo de 

Croton. 

En el tercer capítulo evaluamos los efectos de la variación del clima de acuerdo con la 

elevación, la exclusión del pastoreo y las adiciones de nitrógeno y fósforo sobre la 

supervivencia de plántulas y la supervivencia, crecimiento y fructificación de plantas adultas 

de Croton, así como sobre la composición y estructura de las comunidades de especies 

vegetales asociadas con Croton. Los resultados indicaron que la exclusión del pastoreo mejoró 
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la supervivencia de las plantas adultas de Croton en las tres elevaciones. La exclusión del 

pastoreo y la adición de N y P aumentaron el crecimiento de Croton en las elevaciones Baja y 

Media. El reclutamiento y la supervivencia de plántulas de Croton disminuyeron conforme se 

alejaban del dosel de las plantas adultas. La cubierta de Croton tuvo una relación positiva con 

la abundancia y diversidad de plantas.  

En el cuarto capítulo evaluamos el efecto de la elevación sobre las características 

morfológicas, el aislamiento reproductivo y la limitación de polinizadores en Croton. Los 

rasgos morfológicos como el grosor de la hoja, el volumen de la planta, la longitud de la 

inflorescencia y el número de inflorescencias fueron diferentes entre plantas en diferentes 

elevaciones. Evidenciamos un aislamiento reproductivo incipiente entre las elevaciones Alta y 

Baja. Los experimentos de polinización dentro de cada elevación mostraron una limitación de 

polinizadores en Croton en la Elevación Alta.  

 

Metodología 

Nuestro estudio se realizó en un valle interandino del Cantón Catamayo, Provincia de Loja, 

Ecuador, en la Depresión Andina, una región entre el norte de Perú y el sur de Ecuador. Este 

matorral seco interandino experimenta una temperatura media anual de 24,8°C, con una 

precipitación media anual de 317 mm y una estación seca prolongada (entre siete y ocho 

meses). En este valle, los arbustos dominantes de Croton se distribuyen de forma continua 

entre los 1100 y los 2080 m de altitud (Espinosa et al. 2019). Los parches de Croton forman 

una matriz que incluye vegetación espinosa y xerófila escasa dominada por árboles y arbustos 

perennes. Croton es un arbusto monoico de 0,5 a 1,5 m de altura que habita en una amplia 

variedad de hábitats, en su mayoría semiáridos y, a menudo, en vegetación secundaria. Las 

plantas alcanzan la madurez reproductiva en 2 o 3 años y pueden sobrevivir durante varios 

años.  
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En el primer capítulo, para determinar si la variación entre años y entre sitios, el tamaño 

de la planta, la densidad de plantas y el área del dosel de vecinos conespecíficos influyen en la 

expresión y agregación espacial de la feminidad de Croton, georreferenciamos en dos sitios 

(1.700 y 1.400 m s.n.m.) en cinco parcelas de 10 × 10 m, dentro de cada sitio, la posición de 

cada planta reproductora de Croton durante la primera parte de la época de floración en dos 

años, y medimos su altura, largo y ancho. El índice de feminidad de cada planta se determinó 

por el número de yemas y flores femeninas y masculinas. Se determinó la densidad de plantas 

para cada parcela, junto con el número de vecinos y el área de dosel sumada de vecinos 

conespecíficos (a 1,0, 2,0 y 2,5 m de radio, y las cinco plantas más cercanas) de cada planta 

focal. Para evaluar la influencia del año, sitio, tamaño de la planta, densidad y los doseles de 

los vecinos conespecíficos sobre la feminidad, se utilizaron modelos de efectos mixtos 

(GLMM). El patrón espacial de la feminidad de las plantas se caracterizó con la función K. 

Para facilitar la interpretación visual, utilizamos la función L. Todas las funciones se estimaron 

hasta 2,5 m de radio. Evaluamos el ajuste general de cada modelo con una prueba de bondad 

de ajuste utilizando el estadístico u.  

En el segundo capítulo, para evaluar cómo la variación en temperatura y humedad a lo 

largo de un gradiente de elevación, la adición de Nitrógeno (N) y Fósforo (P), y el pastoreo 

influyen en la sincronía de la floración y reproducción de Croton, en tres elevaciones, 

establecimos parcelas con pastoreo y exclusión de pastoreo, combinadas con cuatro 

tratamientos de nutrientes: control y adición de nitrógeno (N), fósforo (P) solo y en 

combinación. Registramos la floración femenina y masculina de Croton mensualmente desde 

septiembre de 2017 hasta agosto de 2019 y calculamos un índice de sincronía de floración. 

También estimamos el número de frutos, cuajado, peso de semilla y su germinación. Usamos 

modelos binomiales y lineales de efectos mixtos para evaluar si el volumen de la planta, el año, 

la elevación, la exclusión del pastoreo y la adición de nutrientes influyen en la sincronía de 
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floración. Usamos un modelo lineal generalizado con una distribución binomial para evaluar 

la influencia de la sincronía en la probabilidad de geminación. Para evaluar si el año, la 

elevación y la adición de nutrientes influyeron en la probabilidad de depredación de semillas 

usamos modelos binomiales y lineales.  

En el tercer capítulo, para estimar los efectos de la variación del clima de acuerdo con 

la elevación, la exclusión del pastoreo y las adiciones de nitrógeno y fósforo sobre la 

supervivencia de plántulas y la supervivencia, crecimiento y fructificación de plantas adultas 

de Croton, así como sobre la composición y estructura de las comunidades de especies 

vegetales asociadas con Croton, en tres elevaciones, establecimos parcelas con pastoreo y 

exclusión de pastoreo, combinadas con cuatro tratamientos de nutrientes: control y adición de 

nitrógeno (N), fósforo (P) solo y en combinación. Medimos el reclutamiento y la supervivencia 

de las plántulas de Croton, así como la supervivencia, el crecimiento, la fructificación de los 

adultos de Croton y la composición y estructura de las plantas vecinas. Usamos modelos 

lineales generalizados para evaluar el crecimiento de las plantas, la supervivencia y la 

supervivencia de las plántulas en función de la elevación, la exclusión del pastoreo, la adición 

de nutrientes (N y P) y para el análisis de interacciones bidireccionales. Utilizamos modelos 

lineales generalizados para evaluar la influencia de la cobertura de Croton en el número total 

de tallos en pie de todas las especies y la riqueza de especies. Para evaluar la influencia de la 

cobertura de Croton en la diversidad de Shannon utilizamos un modelo lineal.  

En el cuarto capítulo, para determinar el efecto de la elevación sobre las características 

morfológicas, el aislamiento reproductivo y la limitación de polinizadores en Croton, medimos 

los rasgos morfológicos de Croton en tres elevaciones y realizamos cruces experimentales de 

polinización entre y dentro de cada población en diferentes elevaciones para evaluar el grado 

de aislamiento reproductivo y limitación de polinizadores. Usamos modelos de efectos mixtos 

lineales generalizados para evaluar la variación del grosor de la hoja en función del área foliar 
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específica y la elevación. La inclusión del volumen de la planta y el área foliar específica como 

variables de estado nos permitió dar cuenta del efecto de la variación en el tamaño de la planta 

y la hoja entre los individuos. Calculamos el aislamiento reproductivo medio para cada uno de 

los pares de cruces por elevación. Consideramos evidencia clara de aislamiento reproductivo 

cuando los cruces con el índice de aislamiento reproductivo tenían un valor positivo y su barra 

de intervalo de confianza no se superponía a cero.  

 

Resultados 

Para el primer capítulo, nuestros resultados indican que sitios con diferente elevación, 

tamaño de la planta y cobertura vegetal influyeron en la expresión sexual de Croton y en la 

agregación de la feminidad. Se encontraron patrones agregados de feminidad en más parcelas 

en el sitio con menor elevación.  

Para el segundo capítulo, los resultados revelaron que plantas de mayor tamaño, sitios 

con temperaturas más altas y una mayor disponibilidad de nitrógeno aumentaron la sincronía 

reproductiva en Croton. El aumento de la sincronía reproductiva, los sitios con mayor 

temperatura y la adición de N y P incrementaron la producción de frutos y la germinación de 

semillas de Croton. Estos resultados sugieren que una reducción en la sincronía de floración 

podría afectar el éxito reproductivo de Croton. 

Para el tercer capítulo, los resultados indicaron que la exclusión del pastoreo mejoró la 

supervivencia de las plantas adultas de Croton en las tres elevaciones. La exclusión del pastoreo 

y la adición de N y P aumentaron el crecimiento de Croton en las elevaciones Baja y Media. 

El reclutamiento y la supervivencia de plántulas de Croton disminuyeron conforme se alejaban 

del dosel de las plantas adultas. La cubierta de Croton tuvo una relación positiva con la 

abundancia y diversidad de plantas.  
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Para el cuarto capítulo, los resultados mostraron que los rasgos morfológicos como el 

grosor de la hoja, el volumen de la planta, la longitud de la inflorescencia y el número de 

inflorescencias fueron diferentes entre plantas en diferentes elevaciones. Evidenciamos un 

aislamiento reproductivo incipiente entre las elevaciones Alta y Baja. Los experimentos de 

polinización dentro de cada elevación mostraron una limitación de polinizadores en Croton en 

la Elevación Alta.  

 

Conclusiones 

1. Nuestro estudio mostro cómo factores como sitios con diferente elevación, el tamaño de la 

planta y la cobertura vegetal pueden influir en la expresión de la feminidad y en la 

agregación espacial de la feminidad plantas monoicas.  

2. Condiciones climáticas contrastantes en el gradiente de elevación presentaron variación 

morfológica y aislamiento reproductivo incipiente en Croton. Los experimentos de 

polinización dentro de cada elevación sugieren la posibilidad de una limitación de 

polinizadores en Croton en la Elevación Alta.  

3. Plantas más grandes en las elevaciones Baja y Media, y aquellas en sitios con mayor 

disponibilidad de nitrógeno tuvieron mayor sincronía reproductiva en Croton.  El aumento 

de la sincronía reproductiva y la adición de N y P se asoció con un incremento en la 

producción de frutos y la probabilidad de germinación de Croton.  

4. El incremento en la cobertura de Croton puede aumentar la abundancia y diversidad de 

plantas en el matorral seco interandino. La presencia de Croton parece favorecer la 

continuidad de individuos conspecíficos y heteroespecíficos. 
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INTRODUCCIÓN GENERAL 

La reproducción es una tasa vital fundamental (Shivanna y Tandon 2014, Bogdziewicz 2022). 

Las plantas para sobrevivir, crecer y reproducirse han desarrollado a lo largo de su evolución 

adaptaciones que les permite soportar cambios ambientales en varias escalas espaciales y 

temporales (Fontanari et al. 2022, Hangartner et al. 2022). La asignación de recursos entre la 

supervivencia, crecimiento y reproducción depende de las adaptaciones de cada especie y de 

las condiciones ambientales donde éstas crecen (Obeso 2002, Matesanz et al. 2010). El costo 

para la reproducción puede ser mayor en hábitats donde hay una baja disponibilidad de recursos 

(agua o nutrientes; Euler et al. 2012, Varga y Soulsbury 2020) o donde existe algún tipo de 

estrés biótico sobre la planta (herbivoría o competencia con otros individuos; Graff et al. 2013, 

Rahmanian et al. 2021).  

La disponibilidad de agua en el suelo depende de la variación en precipitación y 

temperatura (Moore y Lauenroth 2017, Peguero-Pina et al. 2020). Incrementos de temperatura 

aumentan las tasas de transpiración de las plantas y la evaporación del suelo (Siyum 2020, 

Guauque-Mellado et al. 2022). Para reducir la pérdida de agua las plantas adaptan su fisiología 

o morfología (forma, tamaño, grosor o desprendimiento de hojas) cambiando sus tasas de 

fotosíntesis y respiración (Chaves et al 2002, Basave-Villalobos et al. 2022). Estos cambios 

fisiológicos o morfológicos de las plantas en respuesta a la disponibilidad de agua pueden 

ocurrir como plasticidad fenotípica (Liberati et al. 2021, Wang & Callaway 2021). Las 

diferencias también pueden últimamente resultar en cambios evolutivos que les permiten 

persistir en ambientes secos o xéricos (Ramírez-Valiente y Cavender-Bares 2017, Ding et al. 

2021).  

Los nutrientes del suelo constituyen un recurso esencial para la supervivencia, el 

crecimiento y la reproducción de las plantas (Milla et al. 2005, Westerband et al. 2015). La 

disponibilidad de elementos esenciales como el nitrógeno y fósforo pueden estar limitada 



 13 

debido al clima y a la actividad biológica (Peñuelas et al. 2013, Maestre et al. 2016). La 

absorción de nutrientes por la planta depende de su disponibilidad y de la demanda por la planta 

(Marleau et al. 2011, Ellsworth y Sternberg 2019). Las plantas con demandas elevadas de 

nutrientes crecen débilmente en ambientes con un contenido bajo de estos, mientras que las 

plantas adaptadas a ambientes con un contenido bajo de nutrientes presentan tasas más bajas 

de crecimiento (Penuelas et al. 2020, Hernández-Cáceres et al. 2021). Cuando las limitaciones 

de agua y nutrientes se vuelven más extremas, se generan condiciones de estrés para la planta 

y puede aumentar la competencia entre individuos por los recursos (Butterfield et al. 2015, 

Pajares et al 2018).  

Aunque las plantas son percibidas como consumidoras y competidoras por los recursos, 

también pueden cambiar la distribución de los recursos abióticos y la dinámica biótica 

favoreciendo a otras especies (McIntire y Fajardo 2014). Cuando las condiciones ambientales 

son más estresantes, algunas plantas pueden crear condiciones ambientales favorables para 

otras plantas bajo su dosel, ofreciéndoles sombra, humedad y nutrientes (Tewksbury y Lloyd 

2001, Briscoe et al 2022). Estas interacciones pueden generar heterogeneidad ambiental 

provocando una agregación local con otros individuos de su misma especie y con las de otras 

especies (Lara-Romero et al. 2017, Shin et al. 2017). Como resultado la biodiversidad puede 

aumentar con la presencia de especies facilitadoras a través de la modificación de los nichos 

disponibles (Hulshof et al. 2013, McIntire y Fajardo 2014).  

Los recursos obtenidos por la planta generalmente se dimensionan de acuerdo con su 

tamaño, el cual puede influir directamente en la reproducción y crecimiento (Horvitz y 

Schemske 2002, Bonser y Aarssen 2009). Los costos reproductivos debido al tamaño pueden 

variar entre individuos (Lacey 1986). Las plantas más grandes invierten proporcionalmente 

más en la reproducción, por tanto, los costos de reproducción podrían aumentar con el tamaño 

de la planta (Obeso 2002). Las plantas de mayor tamaño generalmente presentan una floración 
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más temprana y extensa (Valencia et al. 2016, Rafferty et al. 2016). Además, pueden producir 

flores más grandes, más vistosas o coloridas, características relevantes para atraer 

polinizadores (Givnish 1980, Cortés-Flores et al. 2017). El tamaño de la planta también puede 

ser influido por la densidad dentro de un vecindario vegetal (beneficios de sombra, agua, 

nutrientes; Horvitz y Schemske 2002, Obeso 2002, Ward et al. 2018), y consecuentemente 

mediar la producción de flores femeninas en especies unisexuales (Lázaro y Méndez 2007, 

Wang et al. 2019). El cambio climático antropogénico, el pastoreo y la deposición de nutrientes 

proveniente de la producción agrícola está imponiendo una nueva selección en las poblaciones 

de plantas en los ecosistemas (Bellard et al. 2012, Leizeaga et al. 2022). Estas poblaciones 

corren el riesgo de desaparecer si no responden a estos cambios, adaptándose a nuevas 

condiciones ambientales mediante su plasticidad fenotípica (Matesanz et al. 2010, Sardans et 

al. 2021). 

Las actividades humanas están alterando la atmósfera y los sustratos de muchas formas. 

El aumento de CO2 en la atmósfera incrementa la temperatura global y como consecuencia 

están cambiando los patrones anuales de precipitación (Ochoa-Hueso et al. 2014, Allen et al. 

2017). La deposición actual de nitrógeno (N) antropogénico global supera todas las fuentes 

naturales de fijación de N lo que puede alterar los balances d N:P (nitrógeno y fósforo) en el 

suelo (Güsewell 2004, Penuelas et al. 2020). El pastoreo reduce la densidad de la cobertura 

vegetal, el crecimiento y la reproducción de las plantas (Mothershead y Marquis 2000, Riginos 

y Hoffman 2003). Estos cambios globales en el clima, en la química atmosférica y en el uso 

del suelo pueden alterar el funcionamiento de los ecosistemas al cambiar la disponibilidad de 

recursos para los organismos (Binkley 2005, Bhadouria et al. 2016, Leizeaga et al. 2022).  

Nuestro estudio se realizó en un valle interandino del Cantón Catamayo, Provincia de 

Loja, Ecuador, en la Depresión Andina (Richter et al. 2009), una región entre el norte de Perú 

y el sur de Ecuador (Richter y Moreira-Muñoz 2005, Peters et al. 2014, Quintana et al. 2017). 
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Este matorral seco interandino experimenta una temperatura media anual de 24,8°C, con una 

precipitación media anual de 317 mm y una estación seca prolongada donde el 57% de la 

precipitación anual se presenta entre febrero y mayo (Espinosa et al. 2019). En este valle, los 

arbustos dominantes de Croton se distribuyen de forma continua entre los 1100 y los 2080 m 

de altitud (Espinosa et al. 2019). Croton varía en agregación espacial que aumenta a lo largo 

del gradiente de elevación y disminuye con los niveles de presión de pastoreo (Espinosa et al. 

2013). Los parches de Croton forman una matriz que incluye vegetación espinosa y xerófila 

escasa dominada por árboles perennes como Vachellia macracantha (Humb. & Bonpl. ex. 

Willd.), Bursera graveolens (Kunth), Colicodendron scabridum (Kunth) y arbustos perennes 

como Lantana canescens (Kunth), Agave americana (L.), Ipomoea carnea (Jacq.) y Opuntia 

quitensis (Ulloa y Jørgensen 1995; Espinosa et al. 2013; Aguirre et al. 2017). 

La taxonomía de Croton en nuestra área de estudio sigue siendo problemática y 

optamos por ser cautos en su clasificación y referirnos a ella como Croton (Euphorbiaceae). 

Croton es un arbusto monoico de 0,5 a 1,5 m de altura que habita en 1una amplia variedad de 

hábitats, en su mayoría semiáridos y, a menudo, en vegetación secundaria (Ulloa y Jørgensen 

1995; Van Ee et al. 2011). Las plantas alcanzan la madurez reproductiva en 2 o 3 años y pueden 

sobrevivir durante varios años (Espinosa et al. 2019).  

Esta disertación está enfocada a ampliar la comprensión de los efectos de factores 

bióticos y abióticos sobre la expresión sexual, reproducción, supervivencia y crecimiento de 

Croton sp., un arbusto clave en el funcionamiento del matorral seco interandino del sur de 

Ecuador. 
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OBJETIVOS: 

 

- En el primer capítulo, investigamos la influencia de factores que afectan la expresión 

sexual del arbusto monoico, Croton en un matorral estacionalmente seco. 

Específicamente, evaluamos si la variación entre años y entre sitios con diferente 

elevación, el tamaño de la planta, la densidad de plantas reproductivas y la cobertura 

vegetal de Croton influyen (a) en la proporción de flores femeninas y masculinas, y (b) 

en la variación espacial de estas proporciones. 

- En el segundo capítulo realizamos un experimento para evaluar cómo la variación de 

la temperatura y la humedad en un gradiente de elevación, la adición de N y P y el 

pastoreo influyen en la sincronía de la floración y la reproducción de Croton.  

- En el tercer capítulo, evaluamos cómo la variación de la temperatura y la humedad en 

un gradiente de elevación, la exclusión del pastoreo y la adición de nitrógeno y fósforo 

afectan la supervivencia, el crecimiento, la reproducción y el reclutamiento de plántulas 

y adultos de Croton y la diversidad vegetal asociada. 

- En el cuarto capítulo evaluamos los niveles de divergencia morfológica y aislamiento 

reproductivo de Croton entre poblaciones en un gradiente de elevación.  
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Abstract 

Hetero-and conspecific interactions, nutrient availability, climate, habitat heterogeneity, and 

disturbances can generate variation and spatial patterns of femaleness in plants. We assessed 

whether year, site, plant size, plant density, and canopy area of conspecific neighbors 

influenced the expression and spatial aggregation of femaleness in Croton aff. wagneri, a 

monoecious shrub from dry shrublands of the inter-Andean valleys in Ecuador. We 

georeferenced in two sites (1,700 and 1,400 m.a.s.l) in five 10 × 10 m plots, within each site, 

the position of each Croton reproductive plant during first part of flowering season in two 

years, and measured their height, length, and width. The femaleness index of each plant was 

determined by the number of female and male buds and flowers. Plant density was determined 

for each plot, along with the number of neighbors and the summed canopy area of conspecific 

neighbors (at 1.0, 2.0, and 2.5 m radius, and the five closest plants) from each focal plant. 

Croton´s femaleness at the lower elevation site was greater than at the higher elevation site and 

increased with plant size and with canopy of the closest five neighbors. Soil at the lower 

elevation site had higher temperatures and lower water content. Aggregate patterns of 

femaleness were found in more plots at the lower elevation site. Our results indicate that 

location, plant size, and canopies of conspecific neighbors of Croton can affect femaleness and 

its aggregation and support the hypothesis that femaleness can be influenced by facilitative 

interactions. 

 

Abstract in Spanish is available with online material. 
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INTRODUCTION 

Sexual expression in flowering plants is diverse. Species range from having individuals with 

perfect flowers only (hermaphroditism) to having individuals with female flowers and 

individuals with male flowers (dioecy; Barrett, 2002). There are polymorphic systems with 

different combinations of breeding system within (e.g., monoecy) or between individuals in 

different species (Barrett & Hough, 2013; Elzinga & Varga, 2017). Variation of sexual 

expression within and between populations can significantly influence evolutionary processes 

as well as individual fitness and variation in reproduction along environmental gradients (e.g., 

Calviño & Galetto, 2010; Lázaro & Méndez, 2007; Wolfe, 1998; Yakimowski, & Barrett, 

2014). Hence, identifying environmental conditions and mechanisms through which sexual 

expression changes are essential in order to understand the evolution of plants (Barrett, 2002; 

Charlesworth, 2013; Delph, 2003). 

A major component of plant reproduction is its individual spatial distribution (Bleher, 

Oberrath, & Böhning-Gaese, 2002; Suzuki, 2000). Factors that can generate plant spatial 

patterns include hetero-and conspecific interactions (Espinosa et al., 2019; Nanami, 

Kawaguchi, & Yamakura, 2005), nutritional requirements (Marques, Fernandes, Reis, & 

Assunção, 2002; Nanami, Kawaguchi, & Yamakura, 2011), environmental heterogeneity (Zuo, 

Zhao, Zhao, et al., 2008), breeding systems (Bleher, Oberrath, & Böhning-Gaese, 2002), and 

disturbances (Rayburn, & Monaco, 2011; Wolf, 2005). The influence of some of these factors 

on the spatial pattern of dioecious species has allowed us to understand how male and female 

function are distributed in natural populations (Obeso, 2002; Rayburn, & Monaco, 2011; Wolf, 

2005). However, it has been scarcely evaluated if these same factors can influence spatial 

pattern of femaleness in monoecious species (Lázaro, & Méndez, 2007; Torices, & Méndez, 

2010). 
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In dioecious species, differences in reproductive cost between sexes may result in 

differential fitness between sexes across environmental gradients. Such differences can 

subsequently generate spatial segregation of sexes (Bierzychudek, & Eckhart, 1988; Nuñez, 

Nuñez, & Kitzberger, 2008). In other words, due to high reproductive cost, females may occupy 

more favorable conditions with respect to spatial heterogeneity (Garbarino, Weisberg, 

Bagnara, & Urbinati, 2015), water availability (Ortiz, Arista, & Talavera, 2002), and/or soil 

fertility (Lawton, & Cothran, 2000). For example, in Valeriana edulis increased elevation was 

associated with increased water availability and female frequency, but aridification caused 

male frequency to increase upslope at 175 meters per decade (Petry et al., 2016). However, as 

far as we know, there are few studies that have addressed differential inversion in male and 

female function of monoecious species in environmental gradients (Aizen, & Kenigsten, 1990). 

Variability in plant size can help explain sexual phenotypic expression in species with 

different reproductive systems (e.g., Clay, 1993; Dorken, & Barrett, 2003; Klinkhamer, de 

Jong, & Metz, 1997). Both in dioecious and monoecious species, herbaceous and animal-

pollinated plants allocation to female function (i.e., ovules and seeds) generally increases with 

plant size (Bickel & Freeman 1993; Kavanagh et al. 2011; Klinkhamer, de Jong, & Metz, 1997; 

Obeso, 2002; Sarkissian, Barrett, & Harder 2001), while in woody and wind-pollinated plants 

this relationship is reversed (Bickel, & Freeman, 1993; Ganeshaiah, & Shaanker, 1991; Obeso, 

2002; Pickup, & Barrett, 2011). Plant size, however, usually covaries with conspecific density 

(Silvertown, & Charlesworth, 2009; Weiner, 1988), and it has been suggested that both plant 

size and local density may influence sexual expression (Weiner, 1988). These relationships 

have only recently begun to be explored in monoecious species (Wang et al. 2019); therefore, 

it is important to continue contributing to the understanding of these interactions in monoecious 

species. 
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In southern Ecuador, the Andes Mountain range forms a complicated topography with 

high mountains and valleys shaping the inter-Andean region (Richter 2003). In the inter-

Andean region, moisture in clouds coming from the Pacific Ocean is more rarely released as 

rain in its central valleys but contributes with higher wetness in the eastern sides of the 

mountain range as rain shadows (Harden, 2006, Young, Young, & Josse, 2011). The existence 

of multiple dry and wet areas has generated different microenvironments (Quintana, Girardello, 

Barfod, & Balslev, 2016; Richter & Moreira- Muñoz 2005). This environmental heterogeneity 

encourages interacting effects between topography and climate (Ramón et al. 2016). Croton 

aff. wagneri occurs in this habitat in Ecuador and is distributed throughout the inter-Andean 

region. Its main threats are fire, introduction of some non-native species and grazing (León-

Yánez et al. 2019). We expect that Croton aff. wagneri will exhibit variability in the number 

of male and female flowers among plants in this ecosystem in response to local stress gradients 

of temperature and moisture. 

We investigated the influence of factors potentially affecting sexual expression of a 

monoecious shrub, Croton aff. wagneri, a dominant shrub in the inter-Andean dry scrub. We 

refer to sexual expression of individual plants as the ratio of male and female flowers that each 

individual presents. Specifically, we assessed whether year, site, plant size, reproductive plants 

density, and summed canopies of conspecific neighbors influence (a) the sexual expression of 

femaleness, and (b) the spatial aggregation of femaleness. 

 

METHODS 

Study species 

Croton aff. wagnerii (hereafter Croton) is a monoecious shrub in the Euphorbiaceae family 

that inhabits a wide variety of habitats, mostly semi-arid and often in secondary vegetation (van 

Ee, Riina, & Berry, 2011). This shrub can reach 1.5 m in height. It has stellate indumentum 
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leaves with entire margins and palmate venation (van Ee, Riina, & Berry, 2011). Croton plants 

reach reproductive maturity in 2–3 years and can survive for several years (Espinosa et al., 

2019). Their inflorescences are terminal with flowers unisexual; male flowers have 12 to 14 

stamens; female flowers have sepals and petals reduced; styles are bifid for a total of six 

stigmatic tips (van Ee, Riina, & Berry, 2011). In the inflorescence of this genus, the pistillate 

flowers are in the lower part and the staminate flowers in the upper part (Domínguez, & 

Bullock, 1989; van Ee, Riina, & Berry, 2011). Flowering of Croton in the study area begins in 

November and ends in April and exhibits variability in number of male and female flowers 

between and within plants in this ecosystem (Vélez-Mora et al. 2020, unpublished data). 

Flowers of Croton are visited by flies, large and small bees, syrphids and other insects with 

greater variety and abundance at lower elevations (Vélez-Mora, personal observation). 

Our study was performed at Hacienda Alamala in dry shrublands characteristic of 

southern Ecuadorian inter-Andean valleys, in Catamayo, Loja Province, Ecuador. Local 

climate is hot (24.8°C mean annual temperature) and dry, with an extended dry season (317 

mm mean annual precipitation, 57% of it occurring between February and May) (Espinosa et 

al., 2019; Figure S1a). Water deficit (precipitation less than double the temperature) was 

prevalent 10 months a year (Espinosa, Luzuriaga, de la Cruz, Montero, & Escudero, 2013; 

Espinosa et al., 2019; Figure S1a). The local shrubland vegetation is dominated by Croton. 

Croton varies in spatial aggregation along the elevation gradient and with grazing pressure 

levels (Espinosa, Luzuriaga, de la Cruz, Montero, & Escudero, 2013). Patches of Croton form 

a matrix including sparse xerophytic and spiny vegetation codominated by perennials such as 

Lantana canescens Kunth, Vachellia macracantha (Humb. & Bonpl. ex. Willd.) Seigler & 

Ebinger, Bursera graveolens (Kunth) Triana & Planch, Colicodendron scabridum (Kunth) 

Seem. and Opuntia quitensis F.A.C. Weber (Espinosa, Luzuriaga, de la Cruz, Montero, & 

Escudero, 2013; Sierra, 1999; Ulloa, & Jørgensen, 1995). Along this environmental gradient, 
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there is variation in air and soil temperature, moisture and soil nutrient composition (Espinosa, 

Luzuriaga, de la Cruz, Montero, & Escudero, 2013). The topography is rugged with moderately 

steep slopes (Espinosa et al., 2019; Figure S1). The study sites are inhabited by small herds of 

wild donkeys and horses (Espinosa et al., 2019; personal observation). During the winter 

season livestock load increases with cows and goats, especially at low elevation areas (Young, 

Young, & Josse, 2011, personal observation). 

 

Study sites and data collection 

Sites were chosen based on accessibility, vegetation, and slope as examples of plant 

associations near the extremes of the local elevation gradient. One site was located at 1,700 a. 

s. l. and identified as the higher elevation site (3°58′07.90″ S, 79°25′19.71″ W), and the other 

at 1,400 a.s.l., identified as the lower elevation site (3°59′40.15″ S, 79°26′31.29″ W; map with 

location of the sites in Figure S2). At each site and within a 70 × 50 m plot, five subplots of 10 

× 10 m were established in 2013 and 2016. The subplots were distributed as follows: four in 

the corners and one in the center with respect to the larger plot. In each plot, the spatial location 

of the main stem of each reproductive plant was tagged and georeferenced using a Leica 

FlexLine TS02 total station (Leica, Wetzlar-Germany) during the flowering season 

(November–December) in both 2013 and 2016. We consider a reproductive plant to be one that 

had female and male buds and/ or female and male flowers. During the winter season, 

September 2018 to March 2019, HOBO data loggers S-TMB-M006 and S-SMC-M005 (Onset, 

USA) were used to measure soil temperature and moisture at a depth of 10 cm, with a sampling 

interval of 5 min at each site which recorded 66,932 and 48,931 soil temperature and moisture 

samples for higher elevation site and lower elevation site, respectively. 

 

Plant attributes 
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To estimate plant size, plant height as well as length and width of canopy of each sampled plant 

were measured. Plant size was considered as the volume of an elliptical cylinder that is 

consistent with the shape of Croton. This was calculated with the formula: 

 

𝑉 =  (
𝑎

2
) (

𝑏

2
)  ∙  𝜋 ∙ ℎ    (1) 

 

Where a is the length, b is the width of the canopy and h is the height of the plant. The 

volume of each plant was transformed to natural logarithm.  

 

We also calculated the canopy of each plant as follows: 

 

𝐶 =  (
𝑎
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) (
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2
) ∙  𝜋    (2) 

 

Where a is the length, b is the width of the canopy of the plant. For analysis, canopy data 

were transformed to natural logarithm. 

 

Reproductive plant density and neighborhood composition 

In November and December of 2013 and 2016, reproductive individuals were selected and 

counted in each 10 × 10 m subplot at the two sites with different elevation. This time interval 

includes at least one-third of the annual flowering of our focal species which depends on the 

extent of the regional rainy season. Plant density was calculated as the number of reproductive 

individuals in the 10 × 10 m plots (10 density values were obtained for each year). To assess 

influence of specific neighborhood over femaleness, we generated estimates of neighborhood 

composition at different distances from each focal plant with markstat function from R package 

“spatstat” v 1.57-1 (Baddeley, Rubak, & Turner, 2015). Calculated variables were as follows: 
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(a) Number of neighbors that were within 1.0, 2.0, and 2.5 m radius (maximum radius); (b) 

Sum of volumes of conspecific neighbors that were at 1.0, 2.0, and 2.5 m radius (maximum 

radius); (c) Sum of canopies of neighbors that were 1.0, 2.0, and 2.5 m (maximum radius), and 

(d) Sum of volumes and canopies of the five closest neighbors. 

 

Phenotypic femaleness index (Gi) 

During the flowering season (November - December) in both 2013 and 2016, five 

inflorescences were randomly selected on each plant of each 10 × 10 m plot in both sites (1,145 

plants and 5,725 total inflorescences). Then, number of female and male buds and number of 

female and male flowers of each inflorescence were counted in situ and an average of female 

and male flowers per inflorescence was obtained from each plant. The standardized phenotypic 

femaleness index (Gi) of each plant was used to estimate the sexual expression of Croton, 

according to Lloyd (1980) as follows: 

 

𝐺𝑖 =
𝑜𝑖

𝑜𝑖+𝑝𝑖(∑ 𝑜𝑖 / ∑ 𝑝𝑖)
   (3) 

 

where oi is the number of female flowers of the inflorescence and pi is the number of male 

flowers of the inflorescence. The index is standardized by ∑ 𝑜𝑖 / ∑ 𝑝𝑖  representing the ratio of 

the total female flower number to the total male flower number of all individuals for both 2013 

and 2016. A value of Gi of 1 represents plants that produce only ovules and 0 plants that 

produce only pollen (see also Sarkissian, Barrett, & Harder, 2001). 

 

Data analysis 

To evaluate the influence of year, site, plant size, density, and canopies of conspecific 

neighbors over femaleness, mixed-effect models (GLMM) were used with the functions of the 
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lme R package (linear mixed-effects models; Pinheiro, Bates, DebRoy, Sarkar, & R Core Team, 

2019). Year, site, and reproductive plant density were considered as fixed factors and plot as 

random factor. 

We measured the correlation among all independent variables using the Pearson 

Correlation coefficient. We avoided multicollinearity by discarding variables which had high 

pairwise correlation greater than 0.6 or −0.6 with other independent variables (Zar, 2013). Our 

final data set included the following independent variables: year (2013, 2016), site (higher and 

lower elevation site), plant size (logarithm of volume), reproductive plant density (number of 

reproductive individuals per plot), sum of canopies of five closest neighbors. Akaike 

information criterion (AIC) was used to evaluate variable combinations (Burnham, & 

Anderson, 2002). All analyses were performed on the statistical platform R (R Core Team, 

2019). 

 

Spatial analysis 

We evaluated differences in reproductive plant density between years and sites using a 

generalized linear model with Poisson error distribution for number of individuals. The spatial 

pattern of plants was characterized with the K-function (Ripley, 1976). For a homogeneous 

point pattern, K-function is defined by the intensity parameter λ (density), hence λK(r) is the 

expected number of points within a circle of radius r around an arbitrary point. To facilitate 

visual interpretation, we used the L-function (Besag, 1977), that is, square root transformed K 

(L(r) = [K(r)/π]1/2 -r). Homogeneous K-functions were estimated using Ripley's isotropic edge 

correction (Ripley, 1978). All the functions were estimated up to 2.5 m (i.e., rmax = 2.5 m). To 

evaluate the significance of the spatial null 
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model, 95% simulation envelopes were computed from 399 Monte Carlo simulations of each 

model. We evaluated the overall fit of each model with a goodness-of-fit test using the u 

statistic (Diggle, Besag, & Gleaves, 1976; Loosmore, & Ford 2006). We performed 

spatial analyses using the R package “spatstat” v 1.57-1 (Baddeley, Rubak, & Turner, 2015).  

We used a one-way ANOVA-like method (Ramón et al. 2016) to test for differences in 

spatial distribution of femaleness between sites. We computed differences between groups 

setting w(r) = R2, according to Diggle (2003). The significance of the computed statistic was 

evaluated with 1,000 bootstrap resamplings to analyze replicated point patterns with the R 

package “replicatedpp2w” (Ramón et al. 2016). 

 

RESULTS 

In the flowering season of 2013, we found a total of 275 reproductive plants at the higher 

elevation site (total of individuals of five plots) and 186 at the lower elevation site while in the 

flowering season of 2016 we found 350 reproductive plants at the higher elevation site and 334 

at the lower elevation site. Average reproductive plant density was 55.0 individuals/ 100 m2 

(SE = 1.92) at the higher elevation site and 37.2 individuals/100 m2 (SE = 9.41) at the lower 

elevation site, respectively, in 2013. Average reproductive plant density was 70.0 

individuals/100 m2 (SE = 8.71) at the higher elevation site and 66.8 individuals/100 m2 (SE = 

8.02) at the lower elevation site in 2016. We found clear differences in Croton reproductive 

plant density between years (51.3 ± 3 SE plants in 2013 and 73.6 ± 7 in 2016) but did not find 

clear differences between sites (Table 1). 
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Table 1. Results of a GLM evaluating plant density as a function of year and site. 

Variation source Estimate SE t value p-value 

Site at 1,700 m (reference) -14911.95 5107.79 -2.92 0.0096 

Year 7.433 2.54 2.93 0.0093 

Site at 1,400 m -10.50 7.61 -1.38 0.1901 

 

 

Average monthly soil temperature between September 2018 and March 2019 was 30.44 ± 

0.01°C at the lower elevation site and 25.93 ± 0.01 at the higher elevation site (Figure 1). 

Monthly average of soil water content was 0.093 ± 0.0002 m3/m3 at the lower elevation site 

and 0.136 ± 0.0002 m3/m3 at the higher elevation site. Soil water content loss after a rain was 

faster at the lower elevation site (Figure 1, right plot). 

  

Figure 1. Monthly average temperature (left) and monthly average of water content (right) in 

soil in winter season from September 2018 to March 19 at Site at 1,700 m (broken line) and 

Site at 1,400 m (continuous line) 
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Femaleness of Croton as a function of plant size and conspecific neighborhoods 

The two most likely models for femaleness (Gi) variation of Croton included (a) site and sum 

of canopies of five closest neighbors, and (b) site, plant size, and plot-level density as predictors 

(see Table S2). Femaleness at the lower elevation site was greater than at the higher elevation 

site (coefficient = 0.29 ± SE 0.0481; Table 2). A positive relationship was found between 

femaleness and plant size (volume log transformed) of Croton in the two sites; femaleness 

increased as plant size increased, that is, per unit increase in plant size there was an average of 

0.01 increase in femaleness (0.012 ± SE =0.0036; Table 2, Figure 2). There was an interaction 

between the effect of site and that of canopy area of the five closest neighbors on femaleness. 

We observed that the canopy area of the five closest neighbors had a positive effect on Croton 

femaleness at the low elevation site, but this effect disappeared at the high elevation site (Table 

3, Figure 3; Table S2). 

 

Table 2. Effects of site, plant size (log volume cm3) and density on femaleness of Croton 

evaluated with a linear mixed-effects models fit by REML. SE: standard error. df: degrees of 

freedom. 

Fixed effects Value SE df t-value 

 

p-value 

Site at 1,700 m (reference) 0.2989 0.0481 998 6.2213 0.0000 

Site at 1,400 m 0.0380 0.0076 143 4.9957 0.0000 

Plant size 0.0127 0.0036 143 3.5477 0.0005 

Density 0.0001 0.0002 143 0.7804 0.4365 
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Figure 2.  Scatterplot showing the relationship between femaleness (GI) and plant size (volume 

logarithm) of Croton at the higher elevation site (1,700 m) and at the lower elevation site (1,400 

m). 

 

Spatial patterns of femaleness between years and sites 

The results of Ripley's K-function in 2013 at the higher elevation site (1,700 a.s.l.) indicated a 

uniform spatial pattern of femaleness of Croton in two plots in ranges between 0–0.5 m and 

0.5–1 m (Figure 4). In the other plots, femaleness had a random pattern (see Table S1). At the 

lower elevation site (1,400 a.s.l.), femaleness had an aggregated spatial pattern on a plot in 

ranges between 0.5–1 m and 1–2.5 m (Figure 4). In the other plots, femaleness had a random 

pattern (see Table S1).  
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Figure 4.  Spatial distribution of femaleness in Croton study plots. Patterns of femaleness of 

Croton in 2013 (top) and in 2016 (bottom) determined by Ripley's K-Function (estimated L) 

at higher elevation site (1,700 m) and at lower elevation site (1,400 m). NE, NO, SE and CE 

mean plots northeast, northwest, southeast, southwest and center, respectively, regarding the 

larger plot. The grey area represents the confidence envelope that limits the area determining 

the random pattern; the continuous lines above the envelope represent the aggregated spatial 

pattern and, below, the uniform pattern of femaleness of Croton in the plots studied. Note that 

y axes show different scales for clarity. Plots that had a defined spatial pattern are shown. 

 

In 2016 at the higher elevation site femaleness of Croton showed uniformity in a plot in a range 

between 0.5–1 m and aggregation in a plot in range between 1–1.5 m (Figure 4). The other 

plots showed a random pattern of femaleness (see Table S1). At the lower elevation site, 
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femaleness showed an aggregated spatial pattern on a plot in ranges between 0–0.5 m and 1–

2.5 m (Figure 4). The other plots showed a random pattern of femaleness (see Table S1). 

 

Evaluation of spatial patterns of femaleness between sites 

We did not find clear grouping or repulsion differences between sites in 2013 (BTSS = 

2,527.95, p = .26, Figure 5a) nor in 2016 (BTSS = 1,026.06, p = .47, Figure 5b). By contrast, 

comparing the averaged K-functions between 2013 and 2016, clear differences were found 

between years for both at the higher elevation site (Wilcoxon signed-rank test V = 5, p < .0001) 

and at the lower elevation site (Wilcoxon signed-rank test V = 93, p < .0001). 

 

Table 3. Effect of interaction between site and sum of canopies of the five closest neighbors 

on femaleness of Croton evaluated with a linear mixed-effects models fit by REML. SE: 

standard error. df: degrees of freedom. 

Fixed effects Value SE df t-value p-value 

Site at 1,700 m (reference) 0.5274 0.0973 998 5.4211 0.0000 

Site at 1,400 m -0.2176 0.1479 143 -1.4709 0.1435 

Sum of canopies of 5 closest neighbors -0.0013 0.0022 143 -0.5829 0.5609 

Site at 1400 m × sum of canopies  

of 5 closest neighbors 

0.0060 0.0034 143 1.7619 0.0802 
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Figure 3.  Scatterplot showing the relationship between femaleness (GI) and sum of canopies 

(Canopy logarithm) of Croton at the higher elevation site (1,700 m) and at the lower elevation 

site (1,400 m). 

 

DISCUSSION 

 

Site, plant size, and canopies of conspecific neighbors of Croton 

Our results indicated higher femaleness in Croton at the lower elevation site, located at 1,400 

a.s.l., than at the higher elevation site, located at 1,700 a.s.l. Because our study lacked 

replication for elevation the effects of this variable were confounded with those of the sites and 

any interpretation of these data on the consequences of elevation on femaleness of Croton 

should be considered as tentative pending its corroboration in future studies. Lower elevation 

was associated with a greater presence of female individuals in Juniperus communis subsp. 

alpina in the Sierra Nevada in southeastern Spain (Ortiz, Arista, & Talavera, 2002; from 2,100 

to 2,700 a.s.l.), Taxus baccata in the Marche region, central Italy (Garbarino, Weisberg, 

Bagnara, & Urbinati, 2015; from 450 to 770 a.s.l.), and Valeriana edulis in the Rocky 

Mountains of Colorado, USA (Petry, Soule, Iler, et al., 2016; from 2000 to 3,790 a.s.l.). We 
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also found that larger plants had greater femaleness in both sites studied. In tropical mountain 

ecosystems, there is greater availability of nutrients at lower elevations (Homeier, Breckle, 

Günter, Rollenbeck, & Leuschner, 2010; Soethe, Wilcke, Homeier, Lehmann, & Engels, 2008). 

Increase of nutrients at lower elevations could contribute to higher growth and investment of 

resources to femaleness in Croton (Calviño, & Galetto, 2010; Klinkhamer, de Jong, & Metz, 

1997). In monoecious species, this relationship has been less studied possibly because it may 

be more practical to evaluate spatial segregation of clearly female individuals into dioecious 

species (Aizen, & Kenigsten, 1990; Bleher, Oberrath, & Böhning-Gaese, 2002). 

Conspecific neighboring canopy area influenced Croton's femaleness. Similar results 

were found in Croton at the same elevations when evaluating the effect of conspecific density 

but over total flower production (male flowers and female flowers) in Croton (Lara-Romero, 

Gusmán-M, Ramón, Vélez-Mora, & Espinosa, 2017). Although there was no clear difference 

in density between sites, influence of canopies of conspecific neighbors was positive at the 

lower elevation site favoring femaleness in Croton. Shrub canopy can improve 

microenvironmental conditions, accumulation of organic matter, nutrients in soil (Moro, 

Pugnaire, Haase, & Puigdefábregas, 1997), and improve water availability (Holmgren, 

Scheffer, & Huston, 1997; Sagar, Pandey, & Singh, 2012) making the climatic conditions at 

the lower elevation site (high temperatures and low water content) more favorable for growth 

and expression of femaleness in Croton (Butterfield, Bradford, Armas, Prieto, & Pugnaire, 

2016; Holmgren, Scheffer, & Huston, 1997; Lara-Romero et al. 2016; Lara-Romero, Gusmán-

M, Ramón, Vélez-Mora, & Espinosa, 2017; Pugnaire, & Luque 2001). Croton is a dominant 

shrub and constitutes a nurse species that contributes to regulate the functioning of the dry 

inter-Andean shrubland community (Espinosa, Luzuriaga, de la Cruz, & Escudero, 2014). 

Absolute conspecific density should be considered in subsequent work since a positive 

relationship between Croton density and femaleness could improve supply of water and 
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nutrients to invest in reproductive functions. Although negative effects due to density-

dependent mortality caused by seed predation and fungal attack would also have to be assessed 

(Cascante, Quesada, Lobo, & Fuchs, 2002; Fujimori, Samejima, Kenta, et al., 2006). The 

heterospecific density of this species also could influence its own femaleness. Similarly, in 

alpine plant communities from Europe, North and South America, Asia, and a sub-Antarctic 

island it was found that greater richness among the facilitating species increased 

the reproductive performance of the nurse species (Schöb, Michalet, Cavieres, et al., 2014). 

 

  

Figure 5. Averaged K(r) functions for each of the site (transformed as 𝐿(𝑟)  = √𝐾(𝑟)/ 𝜋 −

𝑟 to facilitate interpretation). CSR: expected value of complete spatial randomness, Global: 

overall average K(r) function. 

 

Spatial patterns of femaleness in Croton 

Aggregation of Croton femaleness was observed in some plots at the lower elevation site 

(1,400 a.s.l.). A study developed in a tropical forest in Panama where past and current spatial 

patterns of a community of 298 different species of shrubs, understory, mid-canopy, and top-

canopy trees were explored suggested that the monoecious reproductive system could also be 
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a variable associated with the aggregation of species (Flügge, Olhede, & Murrell, 2012). The 

spatial patterns found at the lower elevation site supports the hypothesis that the expression of 

femaleness in monoecious species could be favored by conspecific facilitation processes 

(Garbarino, Weisberg, Bagnara, & Urbinati, 2015; Ortiz, Arista, & Talavera, 2002; Soliveres, 

Maestre, Berdugo, & Allan, 2015). Uniform or random spatial patterns of femaleness in Croton 

found in other plots could be due to changes in survival that affect density between years 

causing conspecific interactions to change direction and become negative or neutral (Bruno, 

Stachowicz, & Bertness, 2003; Ludwig, Dawson, Prins, Berendse, & de Kroon, 2004; 

Tielbörger, & Kadmon, 2000). It is possible that if we had performed a spatial survey from a 

grid as suggested by Wiegand, Kissling, Cipriotti, & Aguiar (2006), we would have had more 

possibilities of finding spatial patterns in the remaining plots considering size and especially 

shape of each plant. 

Spatial analysis of Croton in a previous study revealed that aggregation was greater at 

high altitude and inhibition at short scales (<1 m; Ramón et al. 2016). Increased grazing at high 

altitudes and higher rainfall contrasts between elevations with climate change can favor larger 

differences in Croton's survival between altitudes and consequently increase differences in 

density between their populations (Anderegg, Anderegg, Sherman, & Karp, 2012; Bai, Ma, 

Zhang, Su, & Leng, 2019; Gilfedder, & Kirkpatrick, 1994; Jonasson, Medrano, & Flexas, 

1997). This may indicate that the benefits of positive interactions may be more contrasting 

between elevations. 

 

CONCLUSIONS AND LIMITATIONS 

Our study shows how factors such as site, plant size, and neighborhood canopies can influence 

the expression of femaleness and the generation of spatial aggregation of femaleness in a 

monoecious shrub of an inter-Andean dry scrub. We present evidence that the expression of 
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femaleness in monoecious species can be influenced by the same factors that influence the 

spatial segregation of female individuals in dioecious species. We point out that spatial patterns 

found at the lower elevation site, where higher soil temperatures and lower moisture content 

occurred, support the hypothesis that femaleness in monoecious species can be favored by 

interactions of conspecific facilitation. We also highlight the importance of continually 

evaluating hetero- and conspecific interactions to ensure the persistence of Croton in the dry 

inter-Andean scrubland in southern Ecuador. 

We focus on the early part of Croton flowering season and additional work will be 

necessary to complete the description of the spatial distribution of femaleness of this species. 

Our fieldwork was carried out between November-December in 2013 and 2016. When we 

began this work, there was no information available on flowering behavior of our focal species. 

Later, in 2017-2019, we documented its flowering phenology and observed that flowers were 

available during a longer interval (September to April; Figure S3). We also observed that the 

variation in beginning and in extent of Croton flowering depended on the schedule and 

intensity of rains with earlier starts in some years. As with many researchers, the timing and 

frequency of our field activity are strongly constrained by budgets and academic schedules. 

During 2013 and 2016, we were able to find plenty of flowers allowing us to characterize 

femaleness during the study interval. However, future studies should be implemented to assess 

the whole flowering annual season. 
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Figure S1. Topography of the study site. 
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Figure S2. Location of the study sites of Croton in the inter-Andean dry shrub at south of 

Ecuador and northwest of South America. 
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Figure S3. Average of female flowers and male flowers, and femininity index (Gi) from 

September 2017 to April 2019 are shown exclusively for Croton flowering season. Gray 

vertical lines indicate sampling months of this study. 
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Table S1. Evaluation of overall fit of each spatial model by a goodness-of-fit for each year, 

site and plot. Values indicate the probability of the model being consistent with a random 

pattern; those in bold had probability lower than 0.05 consistent with evidence for the 

alternative hypothesis of clear spatial pattern. Radii were evaluated from 0 to 0.5, from 0.5 to 

1 m and from 1 to 2.5 m. The sign + means positive interaction or association and the sign – 

means negative interaction or repulsion. 

Year – Site Plot 

radii evaluated 

Interaction 0 - 0.5 

m 

0.5 - 1 

m 

1 - 2.5 

m 

2013 – Higher elevation site  

Northeast <0.001  <0.001 0.50 - 

Northwest 0.04 0.05 0.60 - 

Southeast 0.45 0.62 0.74  

Southwest 0.01 0.09 0.65 - 

Central 0.01 <0.001 0.36 - 

2013 – Lower elevation site  

Northeast 0.87 0.01 0.01 + 

Northwest 0.06 0.41 0.66  

Southeast 0.69 0.97 0.35  

Southwest 0.17 0.06 0.05  

Central 0.25 0.25 0.25  

2016 – Higher elevation site 

Northeast 0.61 0.55 0.07  

Northwest 0.40 0.10 0.28  

Southeast 0.23 0.01 0.01 + 

Southwest 0.38 0.46 0.89  

Central 0.82 0.18 0.17  

2016 – Lower elevation site Northeast <0.001 0.01 <0.001 + 



 66 

Northwest 0.18 0.20 0.07  

Southeast 0.12 0.10 0.63  

Southwest 0.97 0.15 0.61  

Central 0.13 0.82 0.38  
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Table S2. Set of linear models fitted assessing levels of femaleness (Gi) of Croton as a function 

of year, site, plant size, plant density and plant canopy cover. Year: consecutive years in which 

sampling was performed (2013 and 2016). Site: site at 1700 a.s.l. and site at 1400 a.s.l. Plant 

size: natural logarithm of plant volume. Density: number of reproductive individuals per plot. 

Plant canopy cover: sum of canopies of the five closest neighbors. dAIC: Difference between 

AIC value of each model versus value of model with the lowest value of AIC. The models were 

placed according to the ascending value of AIC as an indicator of model likelihood. df: Degrees 

of freedom. Weight: Weight for each model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Model dAIC df weight 

Site + sum of canopies of 5 closest neighbors 0 5 0.818 

Site + plant size + density 3.3 6 0.154 

Site × sum of canopies of 5 closest neighbors 8.4 6 0.012 

Site + sum of canopies of the 5 closest neighbors + year 9.4 6 0.007 

Null model 9.8 3 0.006 

Site + plant size + density + year 12.5 7 0.002 

Site + plant size + density + sum of canopies of 5 

closest neighbors + year 

25.4 8 <0.001 
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SUMMARY 

Flowering synchrony can be affected by moisture, nutrient availability, and plant size. The 

changes in degree of flowering synchrony in turn can influence reproductive success. We 

performed an experiment to evaluate how variation in temperature and moisture along an elevation 

gradient, N and P addition, and grazing influence flowering synchrony and reproduction of 

Croton, a key shrub in the inter-Andean dry shrubland. At three elevations, we installed grazing 

and exclusion plots, combined with four nutrient treatments: control, and addition of nitrogen (N), 

phosphorous (P) alone and in combination. We recorded female and male flowering of Croton 

monthly from September 2017 to August 2019 and calculated a flowering synchrony index. We 

also obtained number of fruits, fruit set, seed weight and their germination. We show that larger 

plants, higher temperatures, and greater nitrogen availability increase reproductive synchrony on 

Croton. Increase in reproductive synchrony, increase in temperature and addition of N and P 

improve production of fruits and germination of Croton seeds. These results suggest that a 

reduction in flowering synchrony could affect reproductive success of Croton. 

 

INTRODUCTION 

Reproductive synchrony is defined as the temporal overlap of organisms with their potential mates 

and resources for reproduction (Donnelly et al. 2011, Pires et al. 2013, Fisogni et al. 2022). It is 

identified as a tendency of individuals to carry out some stage of the reproductive cycle 

simultaneously with other members of the population (Li & Yang 2018). In plants, flowering 

synchrony is the result of a complex interactions between several environmental factors, such as 

variation in moisture, and nutrient availability (Ausín et al. 2005, Brearley et al. 2007, Lesica & 

Kittelson 2010, Wilczek et al. 2010, Moore & Lauenroth 2017), as well as intrinsic factors such 

as plant size (Pires et al. 2013). These are phenological responses reflecting individual variation 
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to changing variables determining temporal patterns of flowering and fruiting. Most studies on 

factors affecting reproductive synchrony in plants have been develop in dioecious species (Elzinga 

et al. 2007, Forrest & Miller-Rushing 2010) with more limited information on the mechanisms 

driving variation reproductive synchrony of monoecious species (Bronstein et al. 1990, Wang et 

al. 2012, Chmura et al. 2019). 

Changes in flowering timing and/or the degree of synchrony in flowering could influence 

reproductive success (Kudo 2006; Elzinga et al. 2007; Hall et al. 2018). Synchronous flower 

displays attract more pollinators and promote outcrossing by maximizing the number of potential 

mates (Marquis 1988, Kudo 1993, Ollerton & Díaz 1999). Therefore, synchrony can increase the 

probability of fruit production (Bolmgren & Eriksson 2015, Rodríguez-Pérez & Traveset 2016, 

Hall et al. 2018), increase masting to satiate seed predators (microlepidoptera and dipteran larvae) 

before dispersal and reduce seed loss (Augspurger 1981, Crone & Lesica 2004, Bogdziewicz et 

al. 2020, 2021), and perhaps, increase the probability of germination due to effective pollen 

exchange between different individuals of the population. However, there is no clear evidence 

regarding how reproductive synchrony could influence seed germination. 

Plant size is associated with environmental conditions and plant age (Waller 1988). Larger 

individuals may flower earlier (Ollerton & Lack 1998, Munguía-Rosas et al. 2011), produce more 

flowers and have higher fecundity (Weiner & Thomas 1986, Herrera 1993, Kato & Hiura 1999), 

and have larger and heavier seeds (Silvertown 1989, Cornelissen 1999). One explanation for this 

is that larger individuals accumulate and dispose of more internal resources for reproduction 

(Wright & van Schaik 1994). Synchrony level and seed production were lower in smaller plants 

in Sorbus aucuparia, Pinus pinea, five Quercus species, and three Chionochloa species from 

various countries (Bogdziewicz et al. 2020). Fruit set increased with plant size in Juglans regia in 

Sichuan Province, southwest China (Cao et al. 2020). We therefore considered that plant size is a 
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good predictor of plant status and is closely related to some reproductive variables (Bustamante 

& Búrquez 2008, Pires et al. 2013, Boucher et al. 2017, Vélez-Mora et al. 2020, 2021, 2022). 

Factors such as soil moisture (Tadey 2020), grazing (Norton & Reid 2009), and nutrient 

supply (Liu et al. 2017) also affect plant flowering. In tropical dry ecosystems, seasonal water 

limitation can be severe, promoting synchronous reproduction during the rainy season (Borchert 

et al. 2004, Singh & Kushwaha 2006) and reducing water stress in reproductive adults (van Schaik 

et al 1993). Rapid initiation of reproduction following rainfall may come at the expense of 

allocation to reproductive or somatic tissue across the entire growing season (Cohen 1976, 

Rathcke & Lacey 1985, Lasky et al. 2016). Trampling or browsing of livestock decreases plant 

density and cover (Riginos & Hoffman 2003, Metzger et al. 2005, Tadey 2006), reduces growth 

(Vélez-Mora et al. 2022), affects plant architecture, delays, or constrains sexual reproduction 

through less intense flowering (Freeman et al. 2003, Mothershead & Marquis 2000, Tadey 2020). 

The availability of phosphorus (P) from the soil facilitates the absorption of nitrogen (N) by plants 

(Ren et al 2016, Su et al. 2021) stimulating their growth (Xia & Wan 2008, Cao et al. 2011, Zhang 

et al. 2013) and reproduction (Smith et al., 2012, Xia & Wan, 2013, Xi et al. 2015, Su et al. 2021), 

although it could also speed up or delay flowering times (Cleland et al. 2006, Liu et al. 2017) 

causing asynchronous flowering (Rafferty & Ives, 2011). Despite the importance of these factors 

in plant reproduction, we did not find in the available literature any direct evaluations of the 

combined effect of soil moisture, grazing, and nutrient availability on reproductive synchrony in 

plants from seasonally dry ecosystems. 

In the last decade we have observed an intensification of agricultural and livestock 

activities in the dry inter-Andean shrublands (Quintana et al. 2019, Vélez-Mora et al. 2022). These 

activities have altered the N:P balance on soils through aerosol and direct deposition (Mahowald 

& Carslaw 2022) and diverted water from the few local streams (Minga-León et al. 2018, Arteaga 

et al. 2020). Simultaneously, the frequency of extremely dry years and the annual number of 
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rainless days have also increased. Climate change, grazing, and nutrient addition are widespread 

threats to species persistence and sustainable community functioning in dry ecosystems (Ulrich et 

al. 2014, Smith et al. 2016, Maestre et al. 2021) and they seem to be magnified in mountainous 

areas such as inter-Andean valleys (Coppus 2003, Zehetner 2006, Murgueitio 2011).  

We performed an experiment to evaluate how variation in temperature and moisture along 

a narrow elevation gradient (300 m), N and P addition, and grazing influence flowering synchrony 

and reproduction of Croton, a key shrub in the inter-Andean dry shrubland in southern Ecuador. 

Previous studies showed that grazing increased the facilitating effects of Croton (Espinosa et al. 

2019, Vélez-Mora et al. 2022). Soil N and P stocks and N and P deposition were also shown to 

vary with elevation influencing Croton vital rates and population abundance (Vélez-Mora et al. 

2022). We predicted that: (1) higher moisture and lower temperature conditions, absence of 

grazing, higher availability of nitrogen and phosphorus, and larger plant sizes will increase 

reproductive synchrony in Croton; and (2) a higher reproductive synchrony will increase the 

number of fruits, fruit set, seed predation, and the probability of germination in Croton seeds.  

 

METHODS  

Study site  

Our study was performed at an inter-Andean valley of the Catamayo Canton, Loja Province, 

Ecuador in the Andean Depression (Richter et al. 2009), a region between northern Perú and 

southern Ecuador (Richter and Moreira-Muñoz 2005; Peters et al. 2014; Quintana et al. 2017) 

(Fig. S10). This dry inter-Andean shrubland experiences an average annual temperature of 24.8 

°C, with an average annual precipitation of 317 mm and a prolonged dry season where 57% of the 

annual precipitation occurs between February and May (Espinosa et al. 2019). In this valley, the 

dominant Croton shrubs are distributed continuously between 1100 and 2080 m of elevation 

(Espinosa et al. 2019). Croton varies in spatial aggregation that increases along the elevation 
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gradient and decreases with grazing pressure levels (Espinosa et al. 2013). Patches of Croton form 

a matrix including sparse xerophytic and spiny vegetation co-dominated by tree perennials such 

as, Vachellia macracantha (Humb. & Bonpl. ex. Willd.), Bursera graveolens (Kunth), 

Colicodendron scabridum (Kunth), and shrubby perennials such as Lantana canescens (Kunth), 

Agave americana (L.), Ipomoea carnea (Jacq.) and Opuntia quitensis (Ulloa and Jørgensen 1995; 

Espinosa et al. 2013; Aguirre et al. 2017).  

We chose three elevations: 1700 m a.s.l. (high elevation; 3°58’07.90’’ S, 79°25’19.71’’ 

W), 1550 m a.s.l. (medium elevation; 3°59'20.09'' S, 79°25'28.64’’ W) and 1400 m a.s.l. (low 

elevation; 3° 59’40.15’’S, 79°26’31.29’’ W). Along this environmental gradient, there is variation 

in soil temperature, moisture, and soil nutrient composition. Total N concentration in the soil is 

lower at the low and medium elevations than at the high elevation, although N deposition is higher 

at the low elevation (Vélez-Mora et al. 2022). Total P concentration is higher at the low elevation 

compared to the medium and high elevations, both in the soil and deposited (Vélez-Mora et al. 

2022). Soil water content is lower at the lower elevation and soil temperature is higher at the low 

elevation (Vélez-Mora et al. 2022). Precipitation in winter (between November and March) is 

similar between these elevations and percentage of soil sand decrease with elevation (Vélez-Mora 

et al. 2022).  

At the regional level, dry weather and erosion at low elevations has led to the formation of 

Entisols characterized by sandy, stony, and rocky formations generating shallow soils (Winckell 

et al. 1997; Moreno et al. 2018). At higher elevations, wetter conditions promoted development 

of clayey soils classified as Vertisols (Soil Survey Staff 2006; Moreno et al. 2018). The 

topography is rugged with moderately steep slopes (Espinosa et al. 2019). These sites are visited 

by small herds of feral donkeys and horses. In recent years we have witnessed increasing goat and 

cattle herds in the area. According to local shepherds, cattle occasionally consume Croton. We 
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also observed that livestock trample seedlings, small plants and damage the branches of Croton 

plants, mainly in winter (Vélez-Mora et al. 2022).  

 

Study species  

The taxonomy of Croton in our study area remains problematic and we opted to be cautious on its 

classification and refer to it as Croton (Euphorbiaceae). Croton is a 0.5 - 1.5 m tall monoecious 

shrub that inhabits a wide variety of habitats, mostly semi-arid and often in secondary vegetation 

(Ulloa and Jørgensen 1995, van Ee et al. 2011; Figure 2b). Plants reach reproductive maturity in 

2–3 years and can survive for several years (Espinosa et al. 2019). Recent studies indicate clear 

morphological variation in leaves and inflorescences among forms at different elevations and 

suggest that there is incipient reproductive isolation between local populations of Croton 

occurring at local elevation extremes (Vélez-Mora et al. 2021).   

 

Experimental design and treatments 

In July 2015, we initiated a manipulative field experiment along an elevation gradient to evaluate 

the effects of temperature and moisture variation, grazing, and N and P addition to the soil on 

flowering synchrony of Croton and how this synchrony influences fruit and seed set and 

germination probabilities. Average annual temperature (°C) at the high elevation is 20.68, at the 

medium elevation 21.90 and at the low elevation 22.87 (Vélez-Mora et al. 2022). In winter rains 

generally start in October and end in April (Espinosa et al. 2019, Vélez-Mora et al. 2022). As we 

observed that winter rains generally start in October and end in April and decided, therefore, to 

measure precipitation in the period of likely greatest rainfall from November 2017 to March 2018. 

At each elevation, we obtained a weekly rainfall average during this period and summed these 

weekly averages to obtain monthly precipitation. Average precipitation during this winter period 
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is 49.12 mm for the high elevation, 47.25 for the medium elevation and 46.25 for the low elevation 

(Vélez-Mora et al. 2022). 

Two pairs of 10 m × 10 m plots (at least 100 m apart) were established at each elevation. 

In each pair, one plot was excluded and the other not excluded from grazing. In total, we 

established 12 plots. Plot assignment was established randomly. Plots excluded from grazing were 

fenced with four lines of barbed wire at a maximum height of 1.5 m in July 2015, while those in 

which grazing was allowed had only wooden posts placed at the four corners. On 18 March 2017, 

10 March 2018, and 19 April 2019, N and P were applied to subplots within each plot (Fig. S9). 

Nutrients were applied depending on the previous availability of these nutrients in the soil of each 

subplot. One replicate of each treatment (control, N, P and N+P) was applied per plot. 

(Calculations and exact amounts applied of N and P by subplot are shown in Vélez-Mora 2022). 

On average, 346.81 g of urea (N) and 506.24 g of triple superphosphate (P) were applied per 

treated subplot at the high elevation; 382.20 g and 503.76 g at the medium elevation, and 391.05 

g and 467.24 g at the low elevation. Also, a subplot without nutrient addition was assigned as 

control treatment in each plot. In steep areas, this was positioned at the top end of a plot to 

minimize nutrient cross-contamination from other subplots.  

 

Croton flowering synchrony 

We recorded Croton flowering monthly from September 2017 to August 2019 (two years). We 

randomly chose five plants per nutrient subplot and on each plant, we randomly chose five 

inflorescences to count (1) the number of female buds, (2) female and (3) male flowers, and (4) 

fruits per inflorescence. At the onset of winter (between December and January), when 

inflorescence withered, we chose a new group of five inflorescences.  

We calculated flowering synchrony using an index that quantifies overlap of phenophase 

intensity (Freitas and Bolmgren 2008):  
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 Where, d is the level of synchronization for individual i in relation to the population of 

censured individuals j. For our case, i is an individual with female flowers and j is an individual 

with male flowers. This synchrony index ranges from 0 (no synchrony) to 1 (perfect synchrony; 

Freitas and Bolmgren 2008). Details of the calculation methods are available in Freitas and 

Bolmgren (2008). We calculated synchrony index for the five individuals monitored within each 

nutrient treatment subplot, which were within grazed and ungrazed plots, for each elevation and 

for each year. 

 

Flowering overlap estimates 

We estimated the overlap coefficients and evaluated variation of Croton female and male 

flowering at each elevation. We used the data of nutrient control treatment with a circular 

distribution and implemented the tests in R package overlap (see Ridout and Linkie 2009). 

Probability density function of the flowering distribution assumes that a plant is equally likely to 

be found at all times when it is in flower. We then performed a two-step process to quantify the 

degree of overlap between male and female flowering at each elevation. First, we converted the 

survey dates to days of the year (1–365) and then to radians, to consider the year as a circular 

continuum and apply circular statistics (Stagemeier et al. 2020). We then estimated each flowering 

distribution separately by fitting a nonparametric von Mises kernel density function (see Fisogni 

et al. 2022). Second, we compute a measure of overlap between the two estimated distributions. 

The overlap coefficient (Δ) ranges from 0 (no overlap) to 1 (complete overlap) and corresponds 

to the area shared by the two features being compared (Fig. 1). We use Δ1 due to low sample size 
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(see Ridout and Linkie 2009). The estimators vary in the concentration parameter (c) of the kernel 

density, with c = 1.25 for Δ1 (Ridout and Linkie 2009). 

 

 

 
Figure 1. Examples of kernel densities and overlap coefficients showing elevation pairs with 

female and male flowering overlap (shaded gray area). The overlap coefficient ranges from 0 (no 

overlap) to 1 (complete overlap). The rug plots at the base of the fitted density curves show the 

actual flowering dates for each elevation throughout the year. Day of year 0 corresponds to 

January 1. 

 

Fruits per infructescence and fruit set 

We averaged number of fruits among the five inflorescences per plant to estimate fruit yield per 

year, elevation, grazing exclusion, and nutrient addition treatment. To get fruit set per plant, we 

divided the maximum number of fruits by the maximum number of female flowers of each 

inflorescence. Then we averaged fruit set among all the inflorescences (n = 15 to 20 inflorescences 

per plant) of each individual. 

 

Seed weight 
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In April 2018 and April 2019, we selected five plants with at least one immature infructescence 

from each subplot with nutrient addition and their respective control treatment. As Croton 

dispersal syndrome is ballistic (Griz and Machado 2001), we covered them with tulle bags to 

avoid losing them. We identified with a label each chosen immature infructescence of each plant 

to collect all seeds. Not always there were enough plants with infructescences available, and some 

subplot samples may represent fewer plants than five. In May 2018 and May 2019, we collected 

in a paper bag the ripe fruits from the labeled infructescences in each plot.  

In June 2018 and June 2019, respectively, we counted the number of fruits per labeled 

infructescence, extracted and separated seeds with signs of herbivory (such as holes in the seed 

coat) and mixed all seeds from the five infructescences from a plant. Between February and March 

2020, we haphazardly selected 10 seeds per plant, weighed them (AGZN220 Torbal analytical 

balance with capacity and resolution of 220g x 0.0001g) and measured their length, width, and 

depth, and estimated seed volume with the formula for a spheroid (volume = 4/3    length  

width  depth; Riefler et al. 2005).  

 

Seed germination 

In September 2020, we set in a germination trial a random sample of 10 seeds per plant collected 

in May 2018. Similarly, in October 2020, we set in a similar trail a random sample of 10 seeds 

per plant collected in May 2019. The chosen seeds were individually imbibed for 24 hours in 1.5 

ml microtube with distilled water. We disinfected the seeds with 70% alcohol for two minutes, 

rinsed them three times with sterile distilled water, and planted them in Petri dishes with two 

layers of paper moistened with sterilized distilled water. The seeds of each plant were placed in 

independent dishes. We checked the Petri dishes for two months, every day to observe possible 

germination and every two or three days the paper was with watered with sterilized distilled water. 

We considered germination when we observed the cotyledon or root primordia. 
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Data analysis 

We divided the analysis of synchrony in two parts. First, we used a binomial model to evaluate 

the probability of synchrony; here we considered synchrony values greater than zero as 1 and 

values equal to zero as 0. Then, we evaluated, using a linear model, what factors affected the 

strength of synchrony. For the later, we only included synchrony values greater than zero. This 

linear mixed-effects model variation of synchrony (>0; square root transformed) as a function of 

plant volume (logarithmic transformed), year, elevation, grazing exclusion, and nutrient addition. 

We assessed with a linear mixed model the variation on average number of fruits per 

infructescence as a function of plant volume, synchrony level, year and elevation as fixed factors 

and plant as random factor. We used a generalized linear model with a binomial distribution to 

evaluate influence of synchrony on probability of gemination. In this model we used only 

synchrony values greater than zero. Because the small sample size, we did not include in this 

model factors such as year, elevation, grazing exclusion, nutrient addition treatment and seed 

weight. To evaluate germination per year, elevation, grazing exclusion, and nutrient addition, we 

applied a chi-square test for each factor where 0 was no germination and 1 was germination. We 

used a linear model and a linear mixed-effects model to assess the variation on seed weight (square 

root transformed) as a function of plant volume (logarithmic transformed), year, elevation, grazing 

exclusion, and nutrient addition and plant as a random factor. To assess seed predation, we divided 

analysis into two parts. First, we used a binomial model to assess whether year, elevation, grazing, 

and nutrient addition influenced predation probability. Here we consider predation values greater 

than zero as 1 and values equal to zero as 0. Then, using a linear model, we evaluated whether 

elevation and nutrient addition influenced seed predation (square root). For the latter, we only 

include synchrony values greater than zero. The most parsimonious models, with or without 
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random effects, were identified with AIC and its relative weight of evidence (Burnham and 

Anderson, 2002; AIC tables can be found in supplementary material). 

 

 

 
Figure 2. Flowering synchrony in relation to plant volume (plant size) between the two years of 

study. Original observations are shown with dots around the trend lines. 

 

 

RESULTS  

 

Croton flowering synchrony 

Flowering synchrony increased with plant size and was lower in the second than in the first year 

of study (Fig. 2, Fig. S1). Flowering synchrony varied with year of study, elevation, and nutrient 

addition (Fig 3, Fig. S2). We used the average of logarithm of plant volume (12.88) to standardize 

these results and facilitate the description of comparisons between treatments. Flowering 

synchrony was lower in the second year of study (0.25  Std. Error [SE] 0.02 for the first year and 

0.20   SE 0.19 for the second year respectively). Flowering synchrony at the Medium and Low 



 82 

elevation was higher than in High Elevation (Fig 3, Fig. S2). Flowering synchrony increased with 

addition of N (0.37   SE 0.03; Fig 3, Fig. S2). We do not have evidence that grazing exclusion 

influences flowering synchrony. 

 

 

 

 
Figure 3. Flowering synchrony level per year, nutrient addition, and elevation. Error bars 

correspond to 95% confidence intervals. Original observations are shown with dots around the 

error bars. 

 

Fruits per infructescence and fruit set 

Flowering synchrony, elevation and addition of nutrients influenced the average number of fruits 

per infructescence of Croton (Fig. 4; Fig. S3). Flowering synchrony increased the average number 

of fruits per infructescence (Fig. 4). We used the average of logarithm of plant volume (12.98) 

and the flowering synchrony (0.30) to standardize by the average number of fruits per 

infructescence. In control plots at Low Elevation the average number of fruits per infructescence 
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was higher than in the other elevations (1.45  SE 0.17) but increased more at Medium Elevation 

with the addition of N+P (1.84  SE 0.27; Fig. 4, Fig. S3). The average number of fruits per 

infructescence decreased at Low Elevation with the addition of P (1.33  SE 0.24; Fig. 4, Fig. S3). 

We do not have evidence that year of study or grazing exclusion influenced the average number 

of fruits per infructescence. The addition of N+P also influenced fruit set and was higher in the 

second year (Fig. 5, Fig. S4). 

 

 

 
Figure 4. Variation of the average number of fruits per inflorescence according to flowering 

synchrony level, elevation, and nutrient addition. Original observations are shown with dots 

around the trend lines. 
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Figure 5. Variation of fruit set per year and nutrient addition. Error bars correspond to 95% 

confidence intervals. Original observations are shown with dots around the error bars. 

 

 

Germination 

Croton germination probability increased with rising flowering synchrony (Fig. 6; Fig. S5). 

Germination was higher with the addition of P (X2 = 16.51, p = 0.0008; Fig. 7).  
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Figure 6. Variation of the germination probabilities according to flowering synchrony level. 

Original observations are shown with dots around the trend lines. 

 

 
Figure 7. Effect of nutrient addition on Croton seed germination. According to chi square test, 

germination was higher with the addition of P (X2 = 16.51, p = 0.0008). 
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Seed weight  

Year, elevation, and addition of nutrients influenced Croton seeds weight (Fig. 8; Fig. Fig. S6). 

We used the average of logarithm of plant volume (13.22) to standardize by seed weight. Seed 

weight at Low Elevation was higher (1.01  SE 0.02) than at Medium and High elevations (0.96 

 SE 0.02 and 0.98  SE 0.05, respectively; Fig. S6). At Medium Elevation, seed weight with 

addition of N+P was higher (0.99  SE 0.08) than with the addition of N (0.98  SE 0.04; Fig. 8; 

Fig. S6). Seed weight was lower in the second year (0.97  SE 0.01) than in the first year of study 

(0.98  SE 0.05; Fig. 8; Fig. S6). 

 

 
Figure 8. Seed weight per year, nutrient addition, and elevation. Error bars correspond to 95% 

confidence intervals. Original observations are shown with dots around the error bars. 

 

Seed predation  

Year, flowering synchrony (Fig. 9; Fig. S7) and elevation (Fig. 10; Fig. S8) influenced Croton 

seed predation. We used the average flowering synchrony (0.04) to standardize for seed predation 
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(square root). Seed predation at Low (0.52  SE 0.05) and Medium (0.45  SE 0.06) elevations 

was lower than at the High Elevation (0.70  SE 0.06). 

 

 
Figure 9. Seed predation probability in relation to flowering synchrony level between the two 

years of study. Original observations are shown with dots around the trend lines. 
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Figure 10. Variation of seed predation per elevation. Error bars correspond to 95% confidence 

intervals. Original observations are shown with dots around the error bars. 

 

 

DISCUSION 

Our findings indicate that plant size, variation in temperature, and moisture associated with 

elevation, and nutrients influence Croton flowering synchrony in inter-Andean dry shrubland. 

Flowering synchrony in turn influences the reproductive success of Croton. Because flowering 

synchrony also facilitates gene flow through pollination, reducing the observed flowering 

phenology overlap will likely directly affect plant fitness (Ghazoul 2006, Ison et al. 2014, Hall et 

al 2018, Rivest et al 2021, Fisogni et al. 2022). At the same time, reduced flower availability or 

asynchronous flowering over time is likely to affect pollinator fitness (Kaluza et al. 2018, Schenk 

et al. 2018, Slominski & Burkle 2021), and seasonally dry ecosystems are probably to ultimately 

feel the consequences of altered processes such as nutrient cycle (Forrest & Miller-Rushing 2010, 

Delgado-Baquerizo et al. 2013, Li et al. 2022). 
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Effect of plant size, elevation, and nutrients on flowering synchrony 

Flowering, fruiting and even germination require a nutrient supply (Rathcke & Lacey 1985, 

Muñoz et al. 2004). Therefore, resource availability and ability of a plant to assimilate and allocate 

these resources influence flowering (Rathcke & Lacey 1985, Obeso 2002). Plants of some species 

flower only after they have accumulated a minimum level of resources, often represented by plan 

size (Rathcke & Lacey 1985, Obeso 2002, Bogdziewicz et al. 2020). Large plants that have 

accumulated resources in growing season can have an earlier, longer, and more abundant 

flowering (Augspurger 1980, Primack 1980, Rathcke & Lacey 1985, Bogdziewicz et al. 2020). 

This allows for greater overlap of male and female function between cosexual individuals, 

increasing reproductive synchrony (Smith & Bronstein 1996, Fisogni et al 2022). In seasonally 

dry ecosystems, interannual rainfall and soil moisture promote both increased plant size (growth) 

and flowering (Daubenmire 1972, Opler et al. 1980, Whigham et al. 1990, Borchert 1992, 2004, 

García-Cervigón et al. 2020). In our study there was an increase in flowering synchrony with 

Croton plant size. Flowering time is restricted by the need for sufficient time for vegetative growth 

and accumulation of resources for flowering (Vélez-Mora et al. 2022). Thus, the larger Croton 

plants flowered more intensely in the rainy season, increasing overlap for mating among 

individuals (Lacey 1986, Houle 2002, Ollerton & Lack 1998, but see Vélez-Mora et al 2022). It 

is important to mention that Croton has a certain degree of self-compatibility through 

geitonogamy, therefore, we cannot guarantee that fruit and seed formation is a product of pollen 

exchange between different individuals (Vélez-Mora et al. 2021). Although production of fruits 

and seeds is greater when there is an interbreeding among individuals (Vélez-Mora et al. 2021). 

Knowing paternity of seeds through a genetic study could allow us to know effective degree of 

interbreeding among individuals in synchrony (Llaurens et al. 2008, Rocha et al. 2018). 
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Plants were larger plants at the Low and Medium elevations than in the High elevation. In 

the sites with larger plants, N increased flowering synchrony. The short rainy season plus the 

incidence of high temperatures (22℃ at the Medium Elevation and 23℃ at the Low Elevation, 

Vélez-Mora et al. 2022) raise evapotranspiration and reduce the availability of soil water, 

accelerating the use of water and nutrients by part of the plants for growth and reproduction 

(Craine et al. 2012, Abel et al. 2021, Sohel et al. 2022). Several studies carried out in tropical 

forests have shown the interactive effect of precipitation and temperature on organic matter 

decomposition and net primary productivity (Rustad et al. 2001, Taylor et al. 2017, Lie et al. 

2019). A meta-analysis showed that experimentally induced warming increases net N 

mineralization rates of the upper organic soil horizon by a mean of 46% at 12 sites (Rustad et al. 

2001). The observed increase in net N mineralization is consistent with results of other studies 

where there are positive relationships between temperature and net N mineralization (Gonçalves 

& Carlyle 1994, MacDonald et al. 1995, Butler et al. 2012, Gong et al. 2015, Liu et al. 2022). 

Because N is generally considered one of the keys limiting nutrients in terrestrial ecosystems 

(Vitousek et al. 1997), a warming-induced increase in internal inorganic N production could 

stimulate plant growth and flowering of the ecosystem in sites with limited N (Rustad et al. 2001, 

Petraglia et al. 2014, Taylor et al. 2017, Rivero-Villar et al. 2021). In cooler environments (< 

20°C) such as high elevations, excess rainfall reduces both organic matter decomposition and net 

primary productivity (Schuur 2003; Del Grosso et al. 2008). As an example, almost half of tree 

species in dry forest of Costa Rica and Mexico have seasonal flowering cycles of about a month 

and a half long (Bullock & Solis-Magallanes 1990), compared to longer flowering cycles of more 

than five months in wet forest (Frankie et al. 1974, Peters 2011). These processes are widely 

known for tropical wet forests, but little known for seasonally dry tropical forests which also need 

further attention (Powers et al. 2015, Rivero-Villar et al. 2021).  
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In N-rich environments, particularly those high-elevation sites affected by atmospheric N 

deposition (e.g., Vélez-Mora et al. 2022), a warming-induced increase in internal N production 

could drive or exacerbate N saturation conditions, where N input would equal or exceed the 

capacity of an ecosystem to assimilate added N (Aber et al. 1989, 1998). Some studies have shown 

warming-induced increases in soil leachate and N runoff (Joslin & Wolfe 1993, Lukewille & 

Wright 1997). Symptoms of N saturation could include nutrient imbalances in plant tissues, 

increased gaseous N loss (as NO and N2O), and increased leaching of N from soils with a 

consequent decrease in surface water quality associated with these dry ecosystems (Vitousek et 

al. al. 1997, Fenn et al. 1998). 

 

Effect of flowering synchrony on fruit production and germination 

 

Greater overlap in flowering increases the probabilities of pollen/gene exchange through 

pollination influencing plant fitness through fruit formation and seed germination (Ghazoul 2006, 

Morales and Traveset 2008, Ison et al 2014, Gleiser et al 2018, Hall et al 2018, Kehrberger and 

Holzschuh 2019, Rivest et al 2021). Both flowering and pollinators adapt to synchronize with 

changes in moisture and temperature (Bolmgren, 1998; Inouye et al., 2003). Therefore, climate- 

and nutrient-imposed changes in flowering phenology can decouple plant-pollinator synchrony, 

endangering plant reproduction (Elzinga et al., 2007). In our study, addition of N and P at the 

Medium Elevation increased fruit production, while addition of P at the Low Elevation reduced 

it. An extra supply of P can be detrimental in sites where the concentration of P is high (Vélez-

Mora et al. 2022). With increased root uptake and P translocation to shoots, excess P tends to 

accumulate in older leaves, leading to P toxicity (Dong et al. 1998, Aung et al. 2006). Increased 

concentration of P inside older leaves also leads to more uptake of N which delays/decreases the 

formation of reproductive organs (Malhotra et al. 2018). The N:P ratio increases with increasing 
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temperature and with proximity to the equator (Reich & Oleksyn 2004) and it is likely that Croton 

plants are adapted to this nutrient to invest in their reproductive functions as we saw in the 

production of fruits of the control treatment at the Low Elevation (Fig. 4). N:P ratios are influenced 

by global change (Güsewell 2004), increased deposition of N or P in the form of aerosols could 

endanger the reproduction of this species (Delgado-Baquerizo et al. 2013, Xia & Wan 2013, Wang 

et al. 2016, Vélez-Mora et al. 2022, Mahowald & Carslaw 2022). 

 

Seed predation and flowering synchrony 

Flowering synchrony can have several benefits. Flowering synchrony helps attract pollinators and 

seed dispersers by mass display effect, to satiate seed predators, and to promote outcrossing by 

maximizing the number of potential mates (Rathcke & Lacey 1985, Marquis 1988, O 'Neil 1997, 

Ollerton & Diaz 1999). An experimental study in Hybanthus prunifolius showed that synchronous 

flowering enhanced the attraction of pollinators (bees) and helped satiate seed predators prior to 

dispersal (Microlepidoptera and Diptera larvae; Augspurger 1981). Croton seed predation was 

lower at Medium and Low elevations. This difference in Croton seed predation could be due to 

two phenological strategies to confront seed predators: (1) timing of flowering, early or late 

(Pilson 2000) and (2) masting, synchronized and massive production of fruits and seeds (Kelly 

and Sork 2002, Mendoza et al. 2015). Early flowering generally reduces seed predation relative 

to late flowering (Augspurger 1981, Pettersson 1994, Mahoro 2002). As an example, early 

flowering in Polemonium foliosissimum enhanced pollination, but directional selection for early 

flowering was offset by increased risk of seed predation (Zimmerman 1980). Masting is an 

adaptation that promotes increased production of large and heavy seeds (van Schaik et al. 1993). 

This allows seed predators to satisfy their needs as soon as possible to prevent further seed loss 

(Janzen 1974, Herrera 1991). Croton probably uses a strategy similar to masting to avoid seed 

predation, since fruit production (Fig. 4) and seed weight (Fig. 8) were higher at Medium and Low 
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elevations, which had less seed predation (Fig. 10). This phenological phenomenon is not well 

understood and it is necessary to evaluate in greater detail the effect of the timing of flowering 

and the synchronized and massive production of fruits and seeds in Croton.  

 

CONCLUSIONS 

Larger plants, higher temperatures at low and medium elevations, and higher nitrogen availability 

increase reproductive synchrony in Croton. Increase in reproductive synchrony, increase in 

temperature at the Low Elevation and addition of N and P at the Medium Elevation improve 

production of Croton fruits, although increasing of flowering synchrony increases probabilities of 

seed predation, especially at the High Elevation. Flowering synchrony also increases germination 

in Croton seeds. Since temperatures and precipitation are predicted to continue to change globally 

in the future (Feng et al. 2013, Pau et al. 2013), we can expect an exacerbation of these effects at 

high elevations. Although precipitation patterns may have interactive variation dependent on 

elevation and temperature, increased variation in precipitation (Klos et al. 2014, Dannenberg et 

al. 2019), nutrient deposition (Basto et al. 2015) and probably grazing (Erb et al. 2018), will 

intensify the observed patterns in the future. Reduced flowering synchrony can directly affect the 

reproductive success of Croton and cause adverse effects on pollinators and seed predators, which 

could alter ecological balance of the inter-Andean dry shrubland (Blüthgen & Klein 2011, Fisogni 

et al. 2022, Vélez-Mora et al 2022). Additional studies of changes in long-term flowering 

synchrony at the community level across elevation gradients at other inter-Andean shrubland sites 

are needed to better understand the global impacts of climate changes on plant communities and 

ecosystems. In particular, provision of data on biotic interactions between plants and their 

pollinators would allow exploration of the ecological consequences of facilitation, resource use, 

and ultimately fitness, and how these relate to changes in phenological synchrony patterns. 
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Supplemental material  

 

Plant size, elevation, and nutrients affect reproductive synchrony, which increases reproduction in a key 

shrub of the inter-Andean dry 

 

 

Binomial model of synchrony  

 

glm (sync ~ logvol + Elevation + Exclusion + Treatment + Year, family=binomial) 

 

 
Figure S1. Plot of odds ratios (95% confidence interval) for plant volume (logvol), elevation, grazing, nut

rient addition, and year for the binomial model. Odds ratios greater or less than 1 indicate that there is an 

effect of either plant volume, elevation, grazing, nutrient addition, or year on flowering synchrony level. 
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Lineal model of synchrony  

 

lm (sq.sync ~ logvol + Elevation + Exclusion + Treatment + Year) 

 

 
Figure S2. Plot of odds ratios (95% confidence interval) for plant volume (logvol), elevation, grazing, nut

rient addition, and year for the linear model. Odds ratios greater or less than 0 indicate that there is an eff

ect of either plant volume, elevation, grazing, nutrient addition, or year on flowering synchrony level. 
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Linear mixed-effect model for fruits per infrutecence 

 

lme (log.avg.fr ~ logvol + sync + Elevation * Treatment + Exclusion + Year, random=~1|Plant, method =

"ML") 

 

 
Figure S3. Plot of odds ratios (95% confidence interval) for plant volume (logvol), flowering synchrony l

evel (sync), elevation, nutrient addition, grazing, and interaction between elevation and nutrient addition 

for the mixed linear model. Odds ratios greater or less than 0 indicate that there is an effect of either plant 

volume, flowering synchrony level, elevation, grazing or nutrient addition, on average of fruits per infruc

tescence. 
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Linear model for fruit set 

 

lm (fruit.set ~ logvol + sq.sync + Elevation + Exclusion + Treatment + Year) 

 

 

 
Figure S4. Plot of odds ratios (95% confidence interval) for plant volume (logvol), flowering synchrony l

evel (sq sync, square root), elevation, nutrient addition, and year for the linear model. Odds ratios greater 

or less than 0 indicate that there is an effect of either plant volume, flowering synchrony level, elevation, 

or nutrient addition, on fruit set. 
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Binomial model for germination 

 

glm (germ ~ sync, family=binomial) 

 

 
Figure S5. Plot of odds ratios (95% confidence interval) for synchrony flowering level for the binomial m

odel. Odds ratios greater or less than 1 indicate that there is an effect of synchrony flowering level on see

d germination. 
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Linear model for seed  

 

lm (sq.weight * 10 ~ logvol + Year + Elevation * Treatment + Exclusion) 

 

 

 
Figure S6. Plot of odds ratios (95% confidence interval) for plant volume (logvol), year, elevation, nutrie

nt addition, grazing, and interaction between elevation and nutrient addition for the mixed linear model. 

Odds ratios greater or less than 0 indicate that there is an effect of either plant volume, year, elevation, nu

trient addition, grazing, or a combined effect between elevation and nutrient addition on seed weight. 
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Binomial model of seed predation 

 

glm (pred ~ logvol + sync + Elevation + Exclusion + Treatment + Year, family = binomial)  

 

 
Figure S7. Plot of odds ratios (95% confidence interval) for plant volume (logvol), flowering synchrony l

evel, elevation, grazing, nutrient addition, and year for the binomial model. Odds ratios greater or less tha

n 1 indicate that there is an effect of either plant volume, flowering synchrony level, elevation, grazing, n

utrient addition, or year on seed predation. 
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Lineal model for seed predation 

 

 

 
Figure S8. Plot of odds ratios (95% confidence interval) for flowering synchrony level, elevation, and nut

rient addition for the linear model. Odds ratios greater or less than 0 indicate that there is an effect of flo

wering synchrony level, elevation, or nutrient addition on seed predation. 
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Figure S9. Design of plots excluded and not excluded from grazing. 
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Figure S10. A: Map of Ecuador showing the locations of studied sites colored red at each elevation. B: St

udy species. C: A species of wasp visiting female Croton flowers. D: A bee visiting male Croton flowers. 
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ABSTRACT 

Background: Changes in climate and the intensity of agriculture expansion can alter plant 

population dynamics and community composition and structure of dry shrublands. 

Aims: We tested how temperature and moisture along an elevation gradient, grazing, and 

nutrient addition in soil affected demographic attributes of Croton shrubs and the composition and 

structure of plant species in an inter-Andean dry shrubland. 

Methods: At three elevations, we installed grazing and exclusion plots, combined with four 

nutrient treatments: control, and addition of nitrogen (N), phosphorous (P) alone and in 

combination. We measured recruitment and survival of Croton seedlings, as well as survival, 

growth, fruiting of adult Croton and the composition and structure of neighbouring plants. 

Results: Grazing exclusion improved adult survival of Croton at all three elevations. Grazing 

exclusion and addition of N and P increased adult growth of Croton at low and medium elevations. 

Croton seedling recruitment and survival decreased with distance to adult plants. The cover of 

Croton had a positive relationship with plant abundance and diversity. 

Conclusions: Temperature, moisture, grazing and nutrient addition can alter the demography and 

cover of Croton, as well as the composition and structure of its neighbouring plants threatening 

the functioning of the inter-Andean dry shrubland. 
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Introduction 

Climate change, grazing and excessive nitrogen (N) and phosphorus (P) input can alter the 

structure and functioning of drylands around the world where water availability is a limiting 

resource (Westerband et al. 2015; Silva et al. 2021). In these environments, temperature increases, 

and moisture decreases at lower elevations (Richter and Moreira- 

Munoz 2005; Vélez-Mora et al. 2021). Changes in temperature and moisture along elevation 

gradients in dry ecosystems are not the only drivers that contribute to plant growth and 

reproduction, but also grazing (Eldridge et al. 2016), soil overfertilization (Wassen et al. 2021) 

and the unpredictability of precipitation (Maestre et al. 2005; Ding and Eldridge 2021) may have 

important effects.  

Positive interactions between facilitating (or nurse) plants and their facilitated plants 

during the drought season often increase survival, growth, and reproduction among plants (see 

Maestre et al. 2009; Cavieres and Badano 2010; Erfanzadeh et al. 2021). Moisture, nutrients, and 

cover (shading) in these environments are usually more accessible under adult plant canopies 

(nurse effect), favouring seedling survival and growth (Soliveres et al. 2010; Espinosa et al. 2019; 

Maestre et al. 2021). Favourable temperature and moisture conditions below facilitating plant 

canopies can promote plant associations (Scanlon et al. 2007; Howard et al. 2012) likely driving 

plant diversity (McIntire and Fajardo 2014; Mihoč et al. 2016; Erfanzadeh et al. 2021) and 

functioning (Maestre et al. 2016, 2021) in these semi-arid ecosystems. Existing studies suggest 

that the effects of plant–plant interactions tend to become more positive for biomass and 

biodiversity in ecosystems dominated by facilitating shrubs when aridity increases (Mazía et al. 

2016; Rey et al. 2016; Berdugo et al. 2019; Erfanzadeh et al. 2021). A synthesis of community-

level studies has found that more than 25% of species in drylands are spatially associated with 

facilitating plants (Soliveres and Maestre 2014). This illustrates the importance of understanding 
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how plant interactions promote maintenance of plant diversity in extreme environments and how 

plant communities are affected by human activities that reduce plant biomass and cover such as 

livestock grazing (Maestre et al. 2016; Wu et al. 2021). 

Grazing is a driver of changes in composition and diversity of plant communities 

(Augustine and McNaughton 1998; Kutt et al. 2012; Eldridge et al. 2013). It directly influences 

the structure of a plant community by reducing plant growth (Daryanto et al. 2013; Eldridge et al. 

2016) and in inter-Andean ecosystems has been shown to strongly affect both plant diversity and 

plant growth (Espinosa et al. 2013). Grazing also affects cycling and storage of N and P in the 

soil. In semi-arid grasslands in northern China, N storage (in aerial biomass, litter, roots, and soil) 

increased significantly due to grazing exclusion (He et al. 2008; Li et al. 2012), while in the 

northern highlands of Ethiopia, P storage in soil increased between 26% and 39% when grazing 

was excluded (Mekuria and Aynekulu 2013). 

Changes in N and P inputs, mainly due to human activity, can have large effects on nutrient 

cycling within tropical ecosystems (Galloway et al. 2004; Elser 2011; Bejarano-Castillo et al. 

2015; Craine et al. 2018). This nutrient imbalance occurs due to N deposition after burning, 

grazing and agricultural production (Jaramillo and Murray-Tortarolo 2019), and P loss through 

leaching and runoff because of heavy rains (Raghubanshi 1991; Rundel and Boonpragob 1995; 

Singh et al. 1997; García-Oliva et al. 2011; Hou et al. 2018). These changes in soil nutrients affect 

the primary productivity of the ecosystem (Peñuelas et al. 2013; Yuan and Chen 2015) and can 

also cause substantial alterations in biodiversity and the functioning of ecosystems (Carnicer et al. 

2015). Despite its importance, our knowledge about the dynamics of N and P in tropical dryland 

ecosystems remains scarce (Waring et al. 2019).  

Tropical dryland ecosystems are home to a wide diversity of species. They cover ca. 42% 

of tropical forests (Murphy and Lugo 1986) and contain 20% of global plant diversity hotspots 

(Davies et al. 2012; Maestre et al. 2021). These drylands play a key role in regulating global cycles 
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of N (Tian et al. 2020), P (Delgado-Baquerizo et al. 2013) and water (Wang et al. 2012) and their 

plant communities provide various and important ecosystem services (Siyum 2020). Despite their 

enormous social and ecological importance, tropical dryland ecosystems are the most vulnerable 

and least protected ecosystems on Earth (Portillo-Quintero and Sánchez-Azofeifa 2010; Stan and 

Sanchez-Azofeifa 2019). Consequently, urgent action is required to halt their decline (Yao et al. 

2020; Maestre et al. 2021).  

The inter-Andean dry valleys are present in Colombia, Ecuador, Perú, and Bolivia 

(Pennington and Ratter 2006; Wood 2006; Linares-Palomino 

et al. 2011). In these ecosystems, shrubs represent a large portion of the diversity (43%; 12% are 

endemic), followed by herbs (36%) and trees (20%) (Quintana et al. 2016). Their main threats are 

extensive grazing (Iñiguez 2004), invasive grasses (Tapia- Armijos et al. 2015), nutrient 

deposition by burned biomass (Rollenbeck et al. 2013), high levels of human pressure (Tapia-

Armijos et al. 2017) and climate change (Herzog et al. 2011; Cisneros et al. 2021). In these 

ecosystems, cattle forage mostly grasses along elevation gradients (Iñiguez 2004; Espinosa et al. 

2013) while goats forage mainly at low elevations where there is greater abundance of shrubs and 

leguminous trees (Iñiguez 2004). 

This study developed from previous research on the population ecology and reproductive 

biology of Croton shrubs (a complex of interbreeding hybrids taxonomically unresolved) and on 

their interactions with other species in inter-Andean communities in Ecuador (Espinosa et al. 

2013, 2019; Lara-Romero et al. 2017; Vélez-Mora et al. 2020, 2021). This research recognised 

the importance of changes in elevation on these communities and indicated the relevance of 

grazing pressure and nutrient input resulting from increasing agricultural development in 

neighbouring areas (Espinosa et al. 2013, 2019; Solano et al. 2018; Vélez-Mora et al. 2021). Here, 

we examine the demography of Croton in an inter- Andean dry valley to investigate 

experimentally the effects of current environmental and anthropogenic changes in such regions 
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on dryland shrub communities. We present results of an experiment established in 2015 at 

different elevations involving grazing exclusion and nutrient additions to evaluate hypotheses 

derived from initial observational studies to better understand the consequences of anthropogenic 

changes on Croton and associated plants. 

Croton is a dominant member of plant communities in inter-Andean regions of Ecuador 

(León-Yánez et al. 2011). Our study was conducted in the Andean Depression (Richter et al. 

2009), a region between northern Perú and southern Ecuador (Richter and Moreira-Munoz 2005; 

Peters et al. 2014; Quintana et al. 2017). We utilised elevational changes in temperature and 

moisture as surrogates of potential current changes in climate (Sundqvist et al. 2013) across a 

narrow elevation range of 300 m (Vélez-Mora et al. 2020). Previous studies showed that grazing 

increased the facilitating effects of Croton on other species around 1550 m and reduced diversity 

and plant cover around 1950 m (Espinosa et al. 2013). They further showed that the facilitating 

effects of Croton canopy improved survival of conspecific seedlings (Espinosa et al. 2019) and 

that plant density and plant size of Croton increased seedling and adult survival and reproductive 

performance, while 

growth decreased due to intraspecific competition (Lara-Romero et al. 2017). Soil nitrogen stocks 

were also shown to increase with elevation (Solano et al. 2018). Based on these findings, we 

hypothesised that (1) under higher moisture and lower temperature conditions, without grazing 

and with higher availability of nitrogen and phosphorus, seedling and adult plant survival, growth 

and Croton fruit yield will increase; and (2) a reduction of density and cover of Croton, as a 

consequence of grazing and resource (moisture and nutrients) changes with elevation, will reduce 

the facilitating effect of Croton and consequently the richness and diversity of associated plants. 

To test these hypotheses, we evaluated the effects of climate variation in accordance with 

elevation, grazing exclusion, and nitrogen and phosphorus additions (1) on survival of seedlings 
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and adult Croton plants, (2) on growth and fruiting of Croton plants, and (3) on the composition 

and structure of their associated plant species. 

 

Materials and methods 

The dry shrubland of the inter-Andean valleys of southern Ecuador 

Several abiotic factors in the inter-Andean ecosystems provide stressful conditions for organisms. 

Seasonal and highly variable air and soil temperature extremes during the day, coupled with 

unpredictable and limited precipitation (Figure 1g and figure A1 in Espinosa et al. 2019) favour 

xeromorphic adaptations (Figure 2c, d). In addition, shallow and nutrient poor soils (Figure 1a, c 

and h) on very steep slopes (Figure 2a) exposed to erosion 

limit resources for growth and reproduction during restricted times when moisture is available 

(Arteaga et al. 2020). Furthermore, recent rising temperatures, increasing pressure from livestock 

(Figure S1) and reduction of water availability diverted for agriculture and human consumption 

have imposed further limitations on growth and 

reproduction (Fries et al. 2020). 
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Figure 1. Summary plots of soil variables, climate, and N and P deposition in the inter-Andean 

valley of Catamayo, Loja Province, Ecuador at elevations of 1400 m a.s.l. (Low), 1550 m 

(Medium), and 1700 m (High). a-c: concentrations of N and P from soil. b-d: wet deposition of N 

and P; observed values are indicated by different coloured points for each elevation as well as the 

polygons with confidence intervals to 95%. e-f: soil water content and temperature; g: 

precipitation during the rainy season November 2017 - March 2018; h-l: percent of organic matter 

content, pH, percent of sand, silt, and clay content of soil samples. Letters on box plots indicate 

clear differences between elevations. 
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Figure 2. a: Paired grazed and grazing excluded study sites (red dots in satellite image) in the 

inter-Andean valley of Catamayo, Loja Province, Ecuador (inset) at elevations of 1400 m a.s.l. 

(low), 1550 m (medium), and 1700 m (high). The green areas at the right edge of the image are 

sugarcane plantations; b: Croton sp., the focal study species with its greenish-brown 

inflorescences; c: panoramic view near the site at 1400 m, April 2019; d: view of the same location 

in August 2019 during the dry season. The dry and leafless trees and shrubs reveal some cacti. 

 

Study site 

Our study was performed at an inter-Andean valley of the Catamayo Canton, Loja Province, 

Ecuador (Figure 2). This dry inter-Andean shrubland experiences an average annual temperature 

of 24.8°C, with an average annual precipitation of 317 mm and a prolonged dry season where 

57% of the annual precipitation occurs between February and May (Espinosa et al. 2019; data 

from City Airport in Catamayo 2011–2015 located 6 km from our study site). In this valley, the 

dominant Croton shrubs are distributed continuously between 1100 and 2080 m of elevation 
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(Espinosa et al. 2019). Croton varies in spatial aggregation that increases along the elevation 

gradient and decreases with grazing pressure levels (Espinosa et al. 2013). Patches of Croton form 

a matrix including sparse xerophytic and spiny vegetation co-dominated by tree perennials such 

as, Vachellia macracantha (Humb. & Bonpl. ex. Willd.), Bursera graveolens (Kunth), 

Colicodendron scabridum (Kunth), and shrubby perennials such as Lantana canescens (Kunth), 

Agave americana (L.), Ipomoea carnea (Jacq.) and Opuntia quitensis (Ulloa 

and Jørgensen 1995; Espinosa et al. 2013; Aguirre Mendoza et al. 2017). 

We chose three elevations: 1700 m a.s.l. (high elevation; 3°58’07.90’’ S, 79°25’19.71’’ 

W), 1550 m a.s.l. (medium elevation; 3°59’20.09’’+S, 79°25’28.64’’ W) and 1400 m a.s.l. (low 

elevation; 3° 59’40.15’’S, 79°26’31.29’’ W). Along this environmental gradient, there was 

variation in soil temperature, moisture, and soil nutrient composition. We used generalised linear 

models with Gaussian distribution to evaluate the variation of total N (%) and total P (ppm) in the 

soil (%), precipitation (mm), organic matter (%), sand (%), and clay (%), soil water content 

(m3/m3), soil temperature (°C), and soil pH and silt (%) as a function of elevation (data were 

logarithmically transformed when necessary to meet model assumptions). We used a linear model 

to evaluate the variation of N (mg/ m2) and P (mg/m2) deposition as a function of precipitation per 

elevation. 

Total N concentration in the soil was lower at the low and medium elevations than at the 

high elevation (Figure 1a), although N deposition by rainfall was higher at the low elevation 

(Figure 1b). Total P concentration was higher at the low elevation compared to the medium and 

high elevations, both in the soil and deposited by rain (Figure 1c, d). Soil water content (recorded 

in winter between January and February 2019) was lower at the lower elevation (Figure 1e). Soil 

temperature (also recorded in winter between January and February 2019) was higher at the low 

elevation (Figure 1f). There was more organic matter at the high elevation (Figure 1h) and soil pH 

was more alkaline at the medium and high elevations than in the low elevation (Figure 1i). 
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Precipitation in winter (between November 2017 and March 2018) was similar between these 

elevations (Figure 1g and 

Figure S2) as well as percentage of silt and clay in soil (Figure 1k, l). Percentage of soil sand 

decreased with elevation (Figure 1j). 

At the regional level, dry weather and erosion at low elevations has led to the formation of 

Entisols characterised by sandy, stony, and rocky formations generating shallow, soils (Winckell 

et al. 1997; Moreno et al. 2018). At higher elevations, wetter climate has promoted development 

of clayey soils classified as Vertisols (Soil Survey Staff 2006; Moreno et al. 2018). Our soil 

analyses showed loam, clay, and clay-loam soils along the elevation gradient (Tables S1B and 

S2B). The topography is rugged with moderately steep slopes (Espinosa et al. 2019). These sites 

are visited by small herds of feral donkeys and horses. In recent years we have witnessed 

increasing goat and cattle herds in the area. According to local shepherds, cattle occasionally 

consume Croton. We also observed that livestock trample seedlings, small plants and damage the 

branches of Croton plants, mainly in winter (Figure S1). 

At highest elevation (1700 m of elevation), maize is grown in association with pastures 

(Moreno et al. 2018), while at lowest elevations (1200 m of elevation), there is intense agricultural 

activity only in areas irrigated by the Catamayo River (Figure 2). The warm, tropical valleys are 

suitable for short-cycle crops such as sugarcane, banana, tomato, cucumber, pepper, zarandaja, 

beans and cassava, and perennials such as coffee and fruit trees (Moreno et al. 2018; Chamba- 

Morales et al. 2019). The Catamayo valley, located on flat land of recent alluvial sediments, 

accommodates the large Ingenio Monterrey Azucarera Lojana CA – MALCA and sugarcane 

fields irrigated with water from the rivers Catamayo and Guayabal (Winckell et al. 1997; Moreno 

et al. 2018; Figure 2a). Sugarcane cultivation covers an area of 2,172 hectares in the Catamayo 

Canton (Ochoa-Cueva et al. 2022). The extensive annual burning of sugarcane likely mobilises 
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nutrients across the elevation gradient. Approximately five years ago, moringa (Moringa oleifera) 

cultivation was established near to our study site (Vélez-Mora personal observation). 

 

Study species 

The taxonomy of Croton in our study area remains problematic and we opted to be cautious on its 

classification and refer to it as Croton (Euphorbiaceae). Croton is a 0.5–1.5 m tall monoecious 

shrub that inhabits a wide variety of habitats, mostly semi-arid and often in secondary vegetation 

(Ulloa and Jørgensen 1995; Van Ee et al. 2011; Figure 2b). Plants reach reproductive maturity in 

2–3 years and can survive for several years (Espinosa et al. 2019). Recent studies indicate clear 

morphological variation in leaves and inflorescences among forms at different elevations and 

suggest that there is incipient reproductive isolation between local populations of Croton 

occurring at local elevation extremes (Vélez-Mora et al. 2021). 

 

Experimental design and treatments 

In July 2015, we initiated a field experiment along an elevation gradient to evaluate the effects of 

climate (temperature and moisture) variation, grazing, and N and P addition to the soil on Croton 

survival, growth, fruit yield, seedling survival, and on associated plant diversity. Average annual 

temperature (°C) at the high elevation was 20.68 (standard error [SE] = 0.01), at the medium 

elevation 21.90 (SE = 0.01) and at the low elevation 22.87 (SE = 0.01). We observed that winter 

rains generally start in October and end in April (see Figure A1 in Espinosa et al. 2019) and 

decided, therefore, to measure precipitation in the period of likely greatest rainfall from November 

2017 to March 2018. At each elevation, we obtained a weekly rainfall average during this period 

and summed these weekly averages to obtain monthly precipitation (Figure S2). Average 

precipitation during this winter period was 49.12 mm (SE = 12.38) for the high elevation, 47.25 

(SE = 17.99) for the medium elevation and 46.25 (SE = 16.24) for the low elevation. 
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Two pairs of 10 m × 10 m plots (at least 100 m apart) were established at each elevation. 

In each pair, one plot was excluded and the other not excluded from grazing. In total, we 

established 12 plots. Plot assignment was established randomly. Plots excluded from grazing were 

fenced with four lines of barbed wire at a maximum height of 1.5 m in July 2015, while those in 

which grazing was allowed had only wooden posts placed at the four corners. Wire was replaced 

when damage was observed, and all old posts and wire were replaced by new material in February 

2019. For the nutrient addition treatments, subplots of 3.5 m × 3.5 m were established within the 

10 m × 10 m plots, separated from each other by 1 m (see Figure S3). On 18 March 2017, 10 

March 2018, and 19 April 2019, N and P were applied to subplots within each plot. Nutrients were 

applied depending on the previous availability of these nutrients in the soil of each subplot. One 

replicate of each treatment (control, N, P and N+P) was applied per plot. (Calculations and exact 

amounts applied of N and P by subplot are shown in Tables S1 and S2). On average, 346.81 g of 

urea (N) and 506.24 g of triple superphosphate (P) were applied per treated subplot at the high 

elevation; 382.20 g and 503.76 g at the medium elevation, and 391.05 g and 467.24 g at the low 

elevation. Also, a subplot without nutrient addition was assigned as control treatment in each plot. 

In steep areas, this was positioned at the top end of a plot to minimise nutrient cross-contamination 

from other subplots. We considered that a 10 m × 10 m plot size as suitable for the experiment 

due to high density of Croton across the elevation gradient (20.75 plants on average ±1.55 SE per 

plot). 

 

Survival, growth, fruit yield by inflorescence and seedling survival 

We recorded in July 2015, shortly before plots were fenced, the height, length, and canopy width 

of each Croton plant greater than 15 cm in height to estimate their volume (see Vélez-Mora et al. 

2020). In July 2019, the same measurements were repeated, and live and dead plants were 

recorded to evaluate the survival of plants initially recorded in July 2015. Plant size (canopy 
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length, canopy width, and plant height as in Vélez-Mora et al. 2020) was recorded in July 2017 

and July 2019. We used these measurements to estimate Croton growth. Sample sizes for each 

demographic variable are in Table S3. 

We recorded Croton fruit yield monthly from September 2017 to September 2019. We 

randomly chose five plants per nutrient subplot and on each plant, we randomly chose five 

inflorescences to count the number of fruits per inflorescence. When fruits had dispersed or fell 

and the inflorescence withered, we chose another group of five inflorescences after the onset of 

winter (between December and January). Fruit yield per inflorescence was estimated as the 

maximum number of fruits counted in any month during each annual reproductive season. We 

considered number of fruits produced per inflorescence on a plant as an indicator of the 

reproductive condition of the plant (Data in Espinosa et al. 2019 can be used to estimate the total 

number of fruits per plant).  

During August and November 2019, February 2020, and March 2021, we recorded the 

number of Croton seedlings recruited in each subplot at each elevation, noting their status 

(dead/alive), height, and distance (cm) to their nearest (supposed) maternal plant. 

 

Vegetation sampling 

In June 20 May 201617, and June 2021, we recorded and taxonomically identified every plant 

with stems >10 cm in each plot at each elevation at the end of the rainy season. From these records, 

we calculated the total number of standing stems of all species, species richness, and the Shannon 

diversity index per plot. 

 

Data analysis 

We used generalised linear models to evaluate plant growth, survival, and seedling survival 

variation as a function of elevation, grazing exclusion, nutrient addition (N and P), and for the 
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analysis of two-way interactions. The logarithm of plant volume was considered as the most 

informative plant size variable (see Vélez-Mora et al. 2020) and its initial value was included as 

a covariable in these models if relevant (expressed as linear or quadratic terms). We used a logit 

link and a binomial distribution to evaluate Croton adult and seedling survival and used normal 

errors and the identity link to evaluate 

plant growth. Random effects by replicated site by elevation were negligible and we dropped these 

variables from the models. A generalised linear mixed-effects model (lme4 R package; Bates et 

al. 2015) with a logit link and a binomial distribution was used to evaluate fruiting probability per 

inflorescence as a function of plant volume and elevation (plant volume and elevation as fixed 

factors and plants as random factors). We used a generalised linear mixed model with negative 

binomial errors and a logarithmic link to evaluate fruit yield by inflorescence (annual maximum 

number of fruits) as a function of plant volume and the interaction between elevation with nutrient 

treatments (plant volume, elevation, and nutrient treatments as fixed factors and plants as random 

factors). Generalised linear models with Poisson distribution were used to assess the influence of 

Croton cover on number of total standing stems of all species and species richness (vegan R 

package; Oksanen et al. 2020) in 2016 and in 2021. Cover was summarised as the sum of canopies 

of each Croton individual (see Vélez-Mora et al. 2020) per plot. To assess the influence of Croton 

cover on Shannon diversity (vegan R package) in 2016 and in 2021, we used a linear model. For 

this model we used the logarithm of Shannon diversity. All analyses were performed in version 

4.1.1 of R software (R Core Team 2021). 

 

Results 

Effects of elevation, grazing exclusion and N and P addition on survival, growth, and fruit yield  

Elevation, grazing, nutrient addition to the soil, and plant volume affected survival, growth, and 

fruit yield of adult Croton individuals. Survival increased with plant volume (Figure 3, Table S4). 
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We used the average of logarithm of plant volume from 2015 (11.66) to standardise by size 

survival probabilities and facilitate the description of comparisons among treatments. At each 

elevation, low, medium, and high, Croton survival increased in non-grazed plots without addition 

of nutrients (low: 0.93 ± SE 0.59; medium: 0.97 ± SE 0.68 and high: 0.91 ± SE 0.53 elevations) 

compared to control grazed plots (0.86 ± SE 0.80; Figure 3). At low elevation, survival decreased 

(0.53 ± SE 0.53; Figure 3) in non-grazed plots with added P, compared to the control. At medium 

elevation, there was a reduction in survival (0.79 ± SE 1.08) in non-grazed plots with added of 

N+P, compared to control non-grazed plots with no added nutrients (0.97 ± SE 0.68; Figure 3; 

Figure S4). At high elevation, we observed the lowest survival (0.42 ± SE 0.53; Figure 3; Figure 

S4) in grazed plots (control treatment). 

 

 

Figure 3. Plant volume, elevation, and the interaction between elevation, grazing exclusion, and 

nutrients on the survival of Croton plants in the inter-Andean valley of Catamayo, Loja Province, 

Ecuador at elevations of 1400 m a.s.l. (low), 1550 m (medium), and 1700 m (high). Solid lines 

are trend lines for a binomial fit of plant survival probability by elevation, grazing/no grazing, and 
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nutrients according to plant volume. Coloured empty circles indicate the number of plants (see 

top left panel for legend) included in a binned treatment category. Grey horizontal dashed line is 

a reference (model intercept = 0.02) to distinguish survival among the three elevations, and 

between exclusion and nutrient additions. The R2 value of survival model was 0.21.  

 

Croton growth increased and then decreased with plant volume (Figure 4, Table S5). We used the 

average of logarithm of plant volume from 2015 (145.06; only surviving plants) to standardise 

growth. At each elevation, low, medium, and high, Croton growth increased in the non-grazed 

plots with added N+P (low: 12.85 ± SE 0.15; medium: 12.69 ± SE 0.15; and high: 12.07 ± SE 

0.15 elevations) compared to controls (Figure 4). However, at high elevation, growth decreased 

with only P addition in non-grazed plots (11.40 ± SE 0.16; Figure 4; Figure S5).  

 

 

Figure 4. The relationship between Croton plant volume in 2015 and in 2019 in the inter-Andean 

valley of Catamayo, Loja Province, Ecuador at elevations of 1400 m a.s.l. (low), 1550 m 

(medium), and 1700 m (high). Solid lines are trend lines for a quadratic fit showing plant growth 
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for elevation, grazing exclusion, and nutrient addition between initial (2015) and final plant 

volume (2019). Circles represent each plant surveyed. Plants (open circles) above dashed diagonal 

line indicate growth, and plants below indicate decrease. Grey horizontal dashed line is a reference 

(model intercept = 8.87) to distinguish growth among the three elevations, between grazing and 

exclusion, and between nutrient additions. The R2 value of growth model was 0.70. Elevation and 

interaction between exclusion and nutrients, and elevations and nutrients were related to the 

growth of Croton plants.  

 

 

Figure 5. The relationship between plant volume and the probability of fruit yield per 

inflorescence of Croton by elevation in the inter-Andean valley of Catamayo, Loja Province, 

Ecuador at elevations of 1400 m a.s.l. (low), 1550 m (medium), and 1700 m (high). Solid lines 

are trend lines for a binomial fit of probability of fruiting per inflorescence per elevation by plant 

volume. Circles are the number of fruits observed by inflorescences per elevation. The R2 value 

of probability of the fruiting model was 0.22.  
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Fruiting probability of Croton increased with plant volume (Figure 5, Table S6) and was not 

influence by elevation (Figure S6). Croton fruit yield also increased with plant volume (Figure 6). 

We used the average of plant volume from 2019 (12.88) to standardise fruit yield. At low 

elevation, fruit yield was highest in plots with added N (8.79 ± SE 0.10 Figure 6). At medium 

elevation, fruit yield increased with added N+P (7.39 ± SE 0.14; Figure 6, Table S7), and at high 

elevation fruit yield was lower with N addition (4.63 ± SE 0.14) compared to plots without 

nutrients addition (control treatment; Figure 6; Figure S7). 

 

 

Figure 6. The relationship between plant volume and fruit yield per inflorescence as a function of 

elevation and nutrient addition in Croton sp. in the inter-Andean valley of Catamayo, Loja 

Province, Ecuador at elevations of 1400 m a.s.l. (low), 1550 m (medium), and 1700 m (high). 
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Solid lines are trend lines for a negative binomial fit of fruit yield per inflorescence for elevation, 

grazing exclusion, and added nutrients according to plant volume. Grey circles represent annual 

maximum number of fruits per inflorescence. Dashed lines are 95% confidence intervals. 

Horizontal grey dashed line is a reference (model intercept = 3.57, with plant volume = 8) to 

facilitate distinguishing fruit yield (number of fruits) among elevations, and between nutrients. 

The R2 value of fruit yield model was 0.30.  

 

Effect of canopy on seedling survival  

Croton seedling survival decreased with distance from the closest supposed maternal plant (Figure 

7, Table S8). The effect of elevation on Croton seedling survival was inconclusive, but there was 

weak evidence of lower survival at low elevation (Figure 7; Figure S8). We did not have enough 

data to evaluate the effects of nutrient addition on seedling survival.  

 

Figure 7. The relationship between the distance between seedlings and their maternal plants of 

Croton sp. in the inter-Andean valley of Catamayo, Loja Province, Ecuador at elevations of 1400 

m a.s.l. (low), 1550 m (medium), and 1700 m (high). Solid lines are trend lines for a binomial fit 
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of seedling survival probability for elevation by distance between maternal plant and seedling. 

Circles are the number of seedlings per elevation. The R2 value of this model was 0.17. 

 

Figure 8. The number of total standing stems (abundance), species richness and Shannon diversity 

in 2016 and 2021 as a function of Croton canopy cover in the inter-Andean valley of Catamayo, 
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Loja Province, Ecuador at elevations of 1400 m a.s.l. (low), 1550 m (medium), and 1700 m (high). 

Solid lines are trend lines for a Poisson fit for both number of total standing stems of all species 

and for species richness and a linear fit for Shannon diversity. There was no clear evidence of 

association between richness and Croton canopy cover canopy in 2016 and 2021, nor for Shannon 

diversity in 2021.  

 

Effect of Croton cover on abundance, richness, and diversity  

There was a clear positive relationship between the sum of Croton canopies per subplot and total 

number of standing stems in both evaluation years, 2016 and 2021 (Figure 8, Table S9). In 2021, 

there was a higher number of total standing stems recorded. No clear relationship between the 

sum of Croton canopies and species richness was evident in either 2016 or 2021. However, in 

2016 there was a clear positive relationship between the sum of Croton canopies and Shannon 

diversity (Figure 8). We documented a clear reduction in Croton cover in 2019 especially at high 

elevations (Figure S9). 

 

Discussion 

During the last decade we have observed an intensification of agricultural and livestock activities 

(cows and goats) in our study area (Leon-Velarde et al. 2000; Quintana et al. 2019). These 

activities have increased the nutrient load of soils and diverted water from the few local streams 

(Minga-León et al. 2018; Arteaga et al. 2020). Simultaneously, the frequency of extremely dry 

years and annual number of days without rain have also increased. Climate change, grazing and 

nutrient addition are a widespread threat for species persistence and sustainable community 

functioning in dry ecosystems (Ulrich et al. 2014; Smith et al. 2016; Maestre et al. 2021) and 

appear to be magnified in mountain areas such as the inter-Andean valleys (Coppus et al. 2003; 

Zehetner and Miller 2006; Murgueitio et al. 2011). Our experimental work showed how variation 
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in climate (temperature and moisture) along a narrow elevation gradient, the availability of N and 

P, and grazing influenced overall species interactions and abundance, as well as survival, growth, 

and fruit yield of Croton, a key species of the inter-Andean dry shrubland. 

There is evidence that native ungulates were more abundant and widespread in South 

America in the past. Thus, it is likely that the reintroduction of large ungulates after the arrival of 

European colonisers may have restored some ecological functions lost after the extinction of the 

American megafauna in the late Pleistocene (Lundgren et al. 2020). There is also indirect evidence 

that ungulates play an important ecological and evolutionary role in many communities (Janzen 

1984, 1986), especially those containing 

grasses or short-cycle plants (Belsky et al. 1993; Archibald et al. 2019). We do not know how 

important the past presence of ungulates in the region we studied may have been. Given the 

seasonality of local weather and lack of continuous vegetation cover, we suspect that the local 

presence of ungulates was relatively scarce. However, a previous study comparing grazed and 

ungrazed sites in the same area found evidence of negative effects of grazing on plant cover and 

interactions (Espinosa et al. 2013).  

Our study suggests that grazing is a critical stressor of Croton demography. Although 

consumption of Croton by livestock in the region is relatively low, the tendency of cows and goats 

to browse pods and young shoots of acacias in winter (Iñiguez 2004; Espinosa et al. 2013), in 

addition to consuming grass in the area in recent years, could cause trampling of shrubs and 

seedlings, affecting Croton persistence especially at high elevations. Croton survival may have 

benefited by grazing exclusion, since without fences and with smaller Croton plants at the high 

elevation (Vélez-Mora et al. 2021), it is easier for livestock to roam for food at this elevation. As 

in other dry ecosystems, reduction of livestock may improve Croton plant survival. In western 

New South Wales, Australia, grazing by sheep and rabbits (non-native herbivores), and kangaroos 

(native herbivores) increased mortality of four perennial grasses (Grice and Barchia 1992). For 
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these species (Aristida browniana, Enneapogon avenaceus, Monachather paradoxa and Panicum 

laevinode), mortality rates were higher with grazing, regardless of whether this was caused by 

native or non-native herbivores. In semiarid woodlands in eastern Australia, recent grazing by 

livestock (sheep, goats and cattle), and rabbits similarly affected survival of young shrubs, mainly 

Eremophila longifolia (Travers et al. 2019). Since shrubs in dry ecosystems regenerate relatively 

slowly, grazing has the potential to alter such systems over the long term (Dawson and Ellis 1996). 

Therefore, a decrease in survival of Croton due to grazing may severely alter their population 

structure and consequently reduce vegetation cover that protects their congeners and other species 

of the dry inter-Andean shrub systems (Espinosa et al. 2013, 2019). 

Our study also revealed that soil nutrient concentrations affect Croton survival at different 

elevations. At the low elevation, plants in ungrazed plots to which P was added had lower survival, 

compared to control plots. Addition of N+P at the medium elevation also reduced survival 

compared to controls. These reductions in survival at low and medium elevations in ungrazed 

plots but with nutrient addition can, at least partially, be attributed to increases in plant 

competition. At the low elevation, average interspecific density in ungrazed plots without added 

nutrients (control treatment) was 75 individuals in 2021 but rose to 94 individuals with P added. 

However, at the medium elevation, such changes in density were not evident in ungrazed plots to 

which both N and P were added. Background availability of N at low and medium elevations was 

lower compared to that at the high elevation while availability of P was higher at low elevations. 

Addition of N and P to ungrazed plots could have increased interspecific density (especially at the 

low elevation), generating a decrease in Croton survival. The continuous contribution of N 

through volatilisation and runoff of fertilisers from nearby crops (Moreno et al. 2018; Larios- 

González et al. 2021), cattle excrement (Scharpenseel et al. 1996), ash deposition from sugarcane 

burning (Granli and Bøckman 1995; Jaramillo 2011; Guamán et al. 2012), and the almost absence 

of organic matter and low water availability at the low elevation (Figure 1e–h, respectively) could 
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threaten Croton survival at this elevation (Gallego-Zamorano et al. 2022). Other studies have also 

reported negative effects of interspecific 

density on shrub survival after nutrient addition. For example, in the Cape Floristic Region, South 

Africa, NPK fertiliser increased weed density, decreasing the survival of shrubs (Holmes 2001) 

that are sensitive to high P levels (Stock and Allsopp 1992). 

In terms of the effects on growth, addition of N +P without grazing improved Croton 

growth at all elevations, whereas the addition of P decreased growth at the higher elevation. This 

suggests that grazing exclusion and availability of both P and soil water (Schulte-Uebbing et al. 

2021) can improve growth of Croton if the effects of nutrients do not conflict with a potential 

increase in interspecific density. Further study should better answer how nutrient addition 

(artificially or by natural deposition) can promote growth among species in this ecosystem (Xu et 

al. 2021). Fertilisation could support growth of other species, such as grasses that could be limiting 

Croton growth, particularly at high elevations. In recent years, we have observed an increase in 

density of grasses surrounding the Croton shrubs at high elevations (Figures S10, S11 and S12). 

At this elevation, there are low concentrations of P in the soil (Figure 1c). An increase in P 

availability in soil can favour growth of certain grass species (Wassen et al. 2005; Siddique et al. 

2010; Daws et al. 2021). Adaptation to low P availability can be considered a stress-tolerant 

strategy that gives certain plant species, such as Croton, a competitive advantage over other 

species. Therefore, to promote Croton growth it is essential to consider a balanced supply of N 

and P according to the needs at each elevation together with controlled grazing. 

Croton fruit yield improved at the low elevation with addition of N and at medium 

elevation by addition of N and P. Low elevation had lower concentrations of N (Figure 1a) and 

higher concentrations of P in the soil compared to concentrations at high and medium elevations 

(Figure 1c). Balancing the availability of soil N and P is important at these elevations to improve 

fruit yield and seed quality (see Kramer and Kozlowski 1979; Drenovsky and Richards 2005). We 
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have observed at the low and medium elevations that fruit yield and seed size are relatively high 

without N and P application (Vélez-Mora et al. 2021). Perhaps N and P application would be 

necessary for improved production and seed quality and to ensure establishment and survival of 

Croton seedlings, or perhaps the main limitation is the availability of soil water (Figure 1e; 

Trindade et al. 2020). This question could be answered with experiments of balanced addition of 

N and P at each elevation, exclusion of long-term grazing, and water availability. In the Great 

Basin Desert in western North America, addition of N and water balanced their availability in 

relation to P, improving seed production and quality in the native shrub Sarcobatus vermiculatus 

(Drenovsky and Richards 2005). At Northeast Normal University, Jilin Province, China, Chloris 

virgata increased the reproductive production (mass of seeds produced) with a mediate level of N 

(2.5 g m−2) (Wang et al. 2016). Our study stresses the importance of balancing levels of N and P 

for adequate yield of Croton fruits in sites co-limited by these two nutrients. 

We confirmed that the survival of Croton seedlings decreases as they shift away from the 

canopy of their maternal or facilitator plant. Croton canopy is critical for seedling establishment 

and recruitment in extreme environments due to less evaporation from soil by shade promoting 

density-dependent community plant associations (Lara-Romero et al. 2017; Jonge et al. 2021). 

We further suspect that drivers, such as grazing, intensification of drought at low elevations and 

disproportionate enrichment of nutrients, can change plant composition (Siddique et al. 2010; 

Espinosa et al. 2019; Daws et al. 2021). These drivers can also jeopardise facilitation offered by 

Croton canopy and consequently reduce recruitment of both Croton and other species. Long-term 

experiments are necessary to understand the interactive effects (climate change, nutrients, and 

grazing) on recruitment regimes and seedling establishment in this and other dry tropical 

environments (see Bhadouria et al. 2016, 2017, 2020). 

 

Conclusions 
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Croton cover is essential to promote abundance and plant diversity in the inter-Andean dry 

shrubland. The presence of Croton in this dry shrubland not only guarantees permanence of 

Croton species, but also of the plant community. The positive interaction between Croton and 

their facilitated species should be considered in restoration and conservation plans to ensure the 

functioning and services that this ecosystem provides, especially at high elevations. Four years 

from starting our study, we observed a general reduction in Croton cover at high elevations (Figure 

S11). We suspect that the main causes of this reduction were extensive grazing (cows and goats), 

addition of nutrients (N and P) and increased abundance of herbaceous plants. Trampling and 

excrement from livestock alter the physical and chemical properties of soil, moisture, and nitrogen 

content (Pulido et al. 2018; Zhan et al. 2020), affecting the composition and diversity of plant 

communities (Koerner et al. 2018; Lyseng et al. 2018). In addition, an increase of N through 

atmospheric deposition, which further favours the growth of nitrophilous grasses, causes 

competitive exclusion of key ecosystem species such as Croton (Bobbink et al. 1998; Figure S12). 

The above changes, along with climate change, can degrade the structural attributes of the 

inter-Andean shrubland preventing these communities from providing critical environmental 

services, such as the provision of water and control of erosion. We are convinced that wise 

landscape planning and the search for alternative productive options to grazing goats and cows, 

and small-scale commercial crops, should be a priority for the local society. Further research 

aimed at identifying the limits to ecological and social resilience and resistance of communities 

in these ecosystems will help in the development of more environmentally compatible human use 

of resources in these regions. 

 

Acknowledgments 

The study sites are in a private reserve owned by Monterrey Azucarera Lojana C.A and the 

Jaramillo family. We thank the undergraduate students and volunteers that helped collecting and 



 149 

organizing the data of this study. This work could not be completed without the aid of Karla 

Trigueros Alatorre. We also thank Andre Velescu, Tobias Fabian, Laboratory for Soil 

Biogeochemistry, Karlsruhe Institute for Technology (KIT), Germany, for laboratory 

measurements of nutrient deposition. PFQA was partially supported by the Program Prometeo of 

the Ecuadorian Government and the Department of Biology, University of Central Florida, 

through the Conway Garden Club Endowment. We thank the support of Alex Morales with soil 

analysis and its interpretation. Quintana Catalina facilitated plant species lists from other sites in 

the region. Chris Brinegar, Laszlo Nagy, Xavier Picó, Richard Abbott and anonymous reviewer 

improved the manuscript. 

 

Disclosure statement 

No potential conflict of interest was reported by the author(s). 

 

Funding 

The work was supported by the Secretaría de Educación Superior, Ciencia, Tecnología e 

Innovación, Ecuador [PIC-13-ETAPA-005]. 

 

ORCID 

Diego P. Vélez-Mora http://orcid.org/0000-0003-1611-9842   

Elizabeth Gusmán http://orcid.org/0000-0002-3103-0419  

Carlos Iván Espinosa http://orcid.org/0000-0002-5330-4505  

Pedro F. Quintana-Ascencio http://orcid.org/0000-0001-7587-8166  

 

 

 

http://orcid.org/0000-0003-1611-9842
http://orcid.org/0000-0002-3103-0419
http://orcid.org/0000-0002-5330-4505
http://orcid.org/0000-0001-7587-8166


 150 

References 

Aguirre Mendoza Z, Aguirre Mendoza N, Muñoz Ch J. 2017. Biodiversidad de la provincia de 

Loja, Ecuador. Arnaldoa. 24(2):523–542. 

Archibald S, Hempson GP, Lehmann C. 2019. A unified framework for plant life-history 

strategies shaped by fire and herbivory. New Phytol. 224(4):1490–1503. 

doi:10.1111/nph.15986. 

Arteaga J, Ochoa P, Fries A, Boll J. 2020. Identification of priority areas for integrated 

management of semiarid watersheds in the ecuadorian andes. JAWRA J Am Water Resour 

Assoc. 56(2):270–282. doi:10.1111/1752-1688.12837. 

Augustine DJ, McNaughton SJ. 1998. Ungulate effects on the functional species composition of 

plant communities: herbivore selectivity and plant tolerance. J Wildl Manage. 62(4):1165. 

doi:10.2307/3801981. 

Bates D, Mächler M, Bolker B, Walker S. 2015. Fitting linear mixed-effects models using lme4. 

J Stat Softw. 67(1):1–48. 

Bejarano-Castillo M, Campo J, Roa-Fuentes LL. 2015. Effects of increased nitrogen availability 

on C and N cycles in tropical forests: a meta-analysis. PLoS ONE. 10(12):e0144253. 

doi:10.1371/journal.pone.0144253. 

Belsky AJ, Carson WP, Jensen CL, Fox GA. 1993. Overcompensation by plants: herbivore 

optimization or red herring? Null. 7(1):109–121. doi:10.1007/bf01237737. 

Berdugo M, Maestre FT, Kéfi S, Gross N, Bagousse-Pinguet YL, Soliveres S. 2019. Aridity 

preferences alter the relative importance of abiotic and biotic drivers on plant species 

abundance in global drylands. J Ecol. 107(1):190–202. doi:10.1111/13652745.13006. 

Bhadouria R, Singh R, Srivastava P, Raghubanshi AS. 2016. Understanding the ecology of tree-

seedling growth in dry tropical environment: a management perspective. Energy, Ecol 

Environ. 1(5):296–309. doi:10.1007/s40974-016-0038-3. 



 151 

Bhadouria R, Srivastava P, Singh R, Tripathi S, Singh H, Raghubanshi AS. 2017. Tree seedling 

establishment in dry tropics: an urgent need of interaction studies. Environ Syst Decis. 

37(1):88–100. doi:10.1007/s10669-017-9625-x. 

Bhadouria R, Srivastava P, Singh R, Tripathi S, Verma P, Raghubanshi AS. 2020. Effects of grass 

competition on tree seedlings growth under different light and nutrient availability 

conditions in tropical dry forests in India. Ecol Res. 35(5):807–818. doi:10.1111/1440-

1703.12131. 

Bobbink R, Hornung M, Roelofs JGM. 1998. The effects of air-borne nitrogen pollutants on 

species diversity in natural and semi-natural European vegetation. J Ecol. 86 (5):717-738. 

doi:10.1046/j.1365-2745.1998.8650717.x. 

Carnicer J, Sardans J, Stefanescu C, Ubach A, Bartrons M, Asensio D, Peñuelas J. 2015. Global 

biodiversity, stoichiometry and ecosystem function responses to humaninduced C–N–P 

imbalances. J Plant Physiol. 172:82–91. doi:10.1016/j.jplph.2014.07.022. 

Cavieres LA, Badano EI. 2010. Consequences of facilitation on species diversity in terrestrial 

plant communities. In: Pugnaire FI, editor. Positive plant interactions and community 

dynamics. Boca Raton, FL, US: CRC Press; pp. 39–57. 

Chamba-Morales MD, Lapo-Paredes LE, Vásquez ER. 2019. La Agricultura familiar campesina 

en el cantón Catamayo, provincia de Loja. Cedamaz. 9(2):66–74. 

Cisneros CMG, Heringer G, Domen YSM, Sánchez LR, Meira-Neto JAA. 2021. The 

environmental filtering and the conservation of tropical dry forests in mountains in a global 

change scenario. Biodivers Conserv. 30 (10):2689–2705. doi:10.1007/s10531-021-02215-

6. 

Coppus R, Imeson AC, Sevink J. 2003. Identification, distribution and characteristics of erosion 

sensitive areas in three different Central Andean ecosystems. Catena. 51(3– 4):315–328. 

doi:10.1016/s0341-8162(02)00169-8. 



 152 

Craine JM, Elmore AJ, Wang L, Aranibar J, Bauters M, Boeckx P, Crowley BE, Dawes MA, 

Delzon S, Fajardo A, Fang Y, Fujiyoshi L, Gray A, Guerrieri R, Gundale MJ, Hawke DJ, 

Hietz P, Jonard M, Kearsley E, Kenzo T, and Makarov M et al,. 2018. Isotopic evidence 

for oligotrophication of terrestrial ecosystems. Nat Ecol Evol. 2(11):1735–1744. 

doi:10.1038/s41559-018-0694-0. 

Daryanto S, Eldridge DJ, Throop HL. 2013. Managing semi-arid woodlands for carbon storage: 

grazing and shrub effects on above- and belowground carbon. Agric Ecosyst Environ. 

169:1–11. doi:10.1016/j.agee.2013.02.001. 
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Table S1A. Elements for the calculation of Nitrogen doses. 
Nutrient Symbol Units Source 

Nitrogen N% kg ha-1 Equation 1 

Nitrogen Neff kg ha-1 Equation 2, using reference N = 70%: High 

concentration according to laboratory parameters. 

Nitrogen available Na kg ha-1 Equation 3, Availability of N at 50% 

Apparent density of soil ad g/cm3 0.1 

Urea U kg ha-1 Equation 4, urea with 45% nitrogen 

    

 

Equation 1 

𝑁 (𝑘𝑔 ℎ𝑎−1) =
𝑁% × 100 × (𝑎𝑑 × 10000 × 0.1)

1000
 

 

Equation 2 

𝑁𝑒𝑓𝑓 (𝑘𝑔 ℎ𝑎−1) =
0.7 × 100 × (𝑎𝑑 × 10000 × 0.1)

1000
 

Equation 3  

𝑁𝑎(𝑘𝑔 ℎ𝑎−1) =  
𝑁𝑒𝑓𝑓(𝑘𝑔 ℎ𝑎−1) − 𝑁(𝑘𝑔 ℎ𝑎−1)

0.5
 

 

Equation 4  

𝑈 (𝑘𝑔 ℎ𝑎−1) =  
𝑁𝑎(𝑘𝑔 ℎ𝑎−1)

0.45
 

 

Equation 5  

𝑈 (𝑔 𝑚2⁄ ) =  (
𝑈 (𝑘𝑔 ℎ𝑎−1)

10000
) × 1000 

 

Equation 6  

𝑈 (𝑔 𝑠𝑢𝑏𝑝𝑙𝑜𝑡⁄ ) =  𝑈(𝑔 𝑚2⁄ )  ×  12.25 𝑚2 
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Table S1B. Procedure for calculating the doses of N using urea, from the soil analysis of each 

plot and elevation. Exclusion (Excl): Non-grazed = NG, Grazed = G. 

Elevation Plot Excl 
Soil  

textural 
N% 

N  

(kg ha-1) 

N  

(kg ha-1) 

N  

(kg ha-1) 

 Urea  

(kg ha-1) 

 Urea 

(g/m2)  

 

g/subplot 

(g/12.25 

m2)  

 Equations Eq. 1 Eq. 2 Eq. 3 Eq. 4 Eq. 5 Eq. 6 

High P1 NG loam 0.18 23.40 91 135.20 300.44 30.04 368.04 

High P2 G clay 0.23 29.90 91 122.20 271.56 27.16 332.66 

High P3 G loam 0.21 27.30 91 127.40 283.11 28.31 346.81 

High P4 NG clay 0.22 28.60 91 124.80 277.33 27.73 339.73 

Medium P5 G 
clay 

loam 
0.17 22.10 91 137.80 306.22 30.62 375.12 

Medium P6 NG loam 0.15 19.50 91 143.00 317.78 31.78 389.28 

Medium P7 G 
clay 

loam 
0.15 19.50 91 143.00 317.78 31.78 389.28 

Medium P8 NG loam 0.17 22.10 91 137.80 306.22 30.62 375.12 

Low P9 G 
clay 

loam 
0.16 20.80 91 140.40 312.00 31.20 382.20 

Low P10 NG loam 0.14 18.20 91 145.60 323.56 32.36 396.36 

Low P11 G 
clay 

loam 
0.14 18.20 91 145.60 323.56 32.36 396.36 

Low P12 NG 
clay 

loam 
0.15 19.50 91 143.00 317.78 31.78 389.28 

Final column shows the doses of urea applied to each subplot. 

 

  

 

 

 

 

 



 169 

Table S2A. Elements for the calculation of Phosphorous doses. 
Nutrient Symbol Units Source 

P ppm P ppm Equation 1 

Phosphorus Peff kg ha-1 Equation 2, using reference P = 21%: High 

concentration according to laboratory parameters.  

Phosphorus available Pa kg ha-1 Equation 3, Availability of N at 25% 

Apparent density of soil ad g/cm3 0.1 

Triple superphosphate TSP kg ha-1 Equation 4, triple superphosphate with 44% P2O5 

    

 

Equation 1 

𝑃2𝑂5 (𝑘𝑔 ℎ𝑎−1) =
2.293 × 𝑃 𝑝𝑝𝑚 × (𝑎𝑑 × 10000 × 0.1)

1000
 

 

Equation 2 

𝑃2𝑂5𝑒𝑓𝑓
(𝑘𝑔 ℎ𝑎−1) =

2.293 × 21 × (𝑎𝑑 × 10000 × 0.1)

1000
 

 

Equation 3  

𝑃2𝑂5𝑎
(𝑘𝑔 ℎ𝑎−1) =  

𝑃2𝑂5𝑒𝑓𝑓
(𝑘𝑔 ℎ𝑎−1) − 𝑃2𝑂5(𝑘𝑔 ℎ𝑎−1)

0.25
 

 

Equation 4  

𝑆𝑇𝑃 (𝑘𝑔 ℎ𝑎−1) =  
𝑃2𝑂5𝑎

(𝑘𝑔 ℎ𝑎−1)

0.44
 

 

Equation 5  

𝑆𝑇𝑃 (𝑔 𝑚2⁄ ) =  (
𝑆𝑇𝑃 (𝑘𝑔 ℎ𝑎−1)

10000
) × 1000 

 

Equation 6  

𝑆𝑇𝑃 (𝑔 𝑠𝑢𝑏𝑝𝑙𝑜𝑡⁄ ) =  𝑆𝑇𝑃 (𝑔 𝑚2⁄ )  ×  12.25 𝑚2 
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Table S2B. Procedure for calculating the doses of P using triple superphosphate, from 

the soil analysis of each plot and elevation. Exclusion (Excl): Non-grazed = NG, Grazed 

= G. 

Elevation Plot Excl 
Soil  

textural 
P ppm 

P2O5  

(kg ha-1) 

P2O5 

(kg ha-1) 

P2O5  

(kg ha-1)  

STP  

(kg ha-1) 

 STP  

(g/m2)  

 g/subpt 

(g/12.25 

m2) 

   Equations Eq. 1 Eq. 2 Eq. 3 Eq. 4 Eq. 5 Eq. 6 

High P1 NG loam 6.8 20.27 62.60 169.32 384.81 38.48 471.39 

High P2 G clay 6.1 18.18 62.60 177.66 403.78 40.38 494.63 

High P3 G loam 4.9 14.61 62.60 191.97 436.30 43.63 534.46 

High P4 NG clay 5.2 15.50 62.60 188.39 428.17 42.82 524.50 

Medium P5 G clay loam 6.7 19.97 62.60 170.51 387.52 38.75 474.71 

Medium P6 NG loam 5.4 16.10 62.60 186.01 422.75 42.27 517.86 

Medium P7 G clay loam 5.1 15.20 62.60 189.59 430.88 43.09 527.82 

Medium P8 NG loam 6.1 18.18 62.60 177.66 403.78 40.38 494.63 

Low P9 G clay loam 6.7 19.97 62.60 170.51 387.52 38.75 474.71 

Low P10 NG loam 7 20.87 62.60 166.93 379.39 37.94 464.75 

Low P11 G clay loam 6.9 20.57 62.60 168.12 382.10 38.21 468.07 

Low P12 NG clay loam 7.1 21.16 62.60 165.74 376.68 37.67 461.43 

Final column shows the doses of urea applied to each subplot. 
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Table S3. Sample sizes by treatment combinations 

Elevation 
Nutrient 

treatment 
Exclusion 

Plant 

survival 

Plant 

growth 

Fruit yield per 

inflorescence 

Seedling 

survival 

 

 
 Sample size 

Number 

of plants 

evaluated 

Number 

of plants 

evaluated 

*Number  

of evaluated  

inflorescences  

Number of 

seedlings  

evaluated 

Low Control Grazed n = 34 n = 30 n = 149 n = 73 

Low Control Non-grazed n = 22 n = 19 n = 112 n = 25 

Low N Grazed n = 19 n = 19 n = 168 n = 77 

Low N Non-grazed n = 21 n = 17 n = 154 n = 37 

Low N+P Grazed n = 40 n = 38 n = 152 n = 49 

Low N+P Non-grazed n = 25 n = 22 n = 170 n = 12 

Low P Grazed n = 35 n = 20 n = 120 n = 79 

Low P Non-grazed n = 14 n = 11 n = 131 n = 10 

Medium Control Grazed n = 26 n = 24 n = 113 n = 23 

Medium Control Non-grazed n = 34 n = 34 n = 123 n = 36 

Medium N Grazed n = 37 n = 34 n = 134 n = 26 

Medium N Non-grazed n = 24 n = 20 n = 176 n = 54 

Medium N+P Grazed n = 31 n = 26 n = 176 n = 14 

Medium N+P Non-grazed n = 27 n = 23 n = 126 n = 34 

Medium P Grazed n = 38 n = 34 n = 168 n = 8 

Medium P Non-grazed n = 31 n = 29 n = 126 n = 15 

High Control Grazed n = 51 n = 21 n = 103 n = 5 

High Control Non-grazed n = 71 n = 61 n = 113 n = 2 

High N Grazed n = 43 n = 23 n = 106 n = 7 

High N Non-grazed n = 71 n = 66 n = 98 n = 25 

High N+P Grazed n = 68 n = 44 n = 118 n = 3 

High N+P Non-grazed n = 67 n = 53 n = 105 n = 6 

High P Grazed n = 60 n = 45 n = 107 n = 2 

High P Non-grazed n = 65 n = 48 n = 99 n = 1 

*We also use this information to evaluate probability of fruiting. 
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Table S4. Summary of the generalized linear model:  

Survival ~ Log plan volume 2015 + Treatment + Exclusion + Elevation + 

Treatment:Exclusion + Treatment:Elevation + Exclusion:Elevation 

 

Source of variation Estimate Std. Error z value p 

Low Elevation  (Intercept) 

Control   (Intercept) 

Grazed  (Intercept) 

-3.87 0.80 -4.85 <0.001 

Log plant volume 2015 0.49 0.06 8.42 <0.001 

N 0.41 0.85 0.49 0.627 

N+P 0.57 0.71 0.80 0.425 

P -0.78 0.61 -1.28 0.202 

Non-grazed 0.73 0.59 1.23 0.217 

Medium Elevation 0.79 0.88 0.89 0.373 

High Elevation -2.19 0.53 -4.11 0.000 

N : Non-grazed -0.59 0.59 -1.00 0.317 

N+P : Non-grazed -1.48 0.53 -2.78 0.005 

P : Non-grazed -1.69 0.53 -3.18 0.001 

N : Medium Elevation -1.55 1.16 -1.34 0.181 

N+P : Medium Elevation -1.38 1.08 -1.28 0.200 

P : Medium Elevation 0.44 1.04 0.42 0.673 

N : High Elevation 0.37 0.86 0.43 0.666 

N+P : High Elevation 0.70 0.75 0.93 0.355 

P : High Elevation 2.25 0.66 3.38 0.001 

Non-grazed : Medium Elevation 0.28 0.68 0.41 0.683 

Non-grazed : High Elevation 1.91 0.53 3.59 0.000 

R2 = 0.21. 
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Table S5. Summary of linear model: Log plant volume 2019 ~ Log plant volume 2015 

+ Log plant volume2 2015 + Treatment + Exclusion + Elevation + Treatment:Exclusion 

+ Treatment:Elevation + Exclusion:Elevation. 

Source of variation Estimate Std. Error t value p 

Low Elevation  (Intercept) 

Control   (Intercept) 

Grazed   (Intercept) 

8.87 0.86 10.32 <0.001 

Log plant volume 2015 -0.02 0.16 -0.10 0.919 

Log plant volume2 2015 0.03 0.01 3.56 0.000 

N 0.23 0.18 1.30 0.196 

N+P 0.18 0.15 1.22 0.225 

P -0.01 0.18 -0.07 0.942 

Non-grazed -0.33 0.15 -2.22 0.027 

Medium Elevation  -0.30 0.16 -1.88 0.060 

High Elevation -0.50 0.16 -3.17 0.002 

N : Non-grazed 0.37 0.16 2.24 0.025 

N+P : Non-grazed 0.57 0.15 3.70 0.000 

P : Non-grazed 0.12 0.16 0.80 0.426 

N : Medium Elevation -0.23 0.21 -1.10 0.272 

N+P : Medium Elevation -0.19 0.20 -0.97 0.333 

P : Medium Elevation 0.07 0.21 0.34 0.732 

N : High Elevation -0.34 0.20 -1.69 0.091 

N+P : High Elevation -0.30 0.18 -1.63 0.104 

P : High Elevation -0.34 0.21 -1.64 0.102 

Non-grazed : Medium Elevation 0.33 0.15 2.19 0.029 

Non-grazed : High Elevation 0.02 0.14 0.16 0.870 

R2 = 0.70. 
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Table S6. Summary of generalized linear mixed-effects model with the binomial 

distribution: Fruiting Probability ~ Log plant volume + Elevation + (1|Plant) 

Fixed effects: Estimate Std. Error z value p 

(Intercept) -4.08 1.20 -3.40 0.001 

Log plant volume 0.33 0.09 3.63 0.000 

High Elevation -0.22 0.22 -1.03 0.302 

Medium Elevation 0.20 0.18 1.10 0.273 

R2 = 0.22. 

 

 

 

 

Table S7. Summary of generalized linear mixed-effects model with negative binomial 

distribution: Maximum number of fruits ~ Log plant volume + Elevation * Treatment + 

(1|Plant) 

Fixed effects: Estimate Std. Error z value p 

Low Elevation  (Intercept) 

Control   (Intercept) 

Grazed  (Intercept) 

0.38 0.37 1.02 0.308 

Log plant volume 0.11 0.03 4.03 0.000 

Medium Elevation -0.31 0.10 -3.08 0.002 

High Elevation -0.24 0.10 -2.32 0.020 

N 0.36 0.10 3.76 0.000 

N+P 0.17 0.10 1.73 0.084 

P -0.11 0.10 -1.11 0.266 

Medium Elevation: N -0.09 0.14 -0.66 0.509 

High Elevation : N -0.40 0.14 -2.81 0.005 

Medium Elevation : N+P 0.33 0.14 2.34 0.019 

High Elevation : N+P 0.16 0.14 1.13 0.260 

Medium Elevation : P 0.25 0.14 1.77 0.076 

High Elevation : P 0.05 0.14 0.36 0.716 

R2 = 0.30. 
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Table S8. Summary of the generalized linear model: Seedling survival ~ Distance to 

maternal plant + Elevation 

Source of variation Estimate Std. Error z value p 

Low Elevation (Intercept) 1.07 0.60 1.78 0.076 

Distance between maternal plant and seedling -0.03 0.01 -2.54 0.011 

High Elevation 0.88 1.22 0.73 0.467 

Medium Elevation 1.00 0.57 1.74 0.082 

R2 = 0.17. 
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Table S9. Linear models and generalized linear models to evaluate influence of the sum 

of Croton canopies on abundance, richness, and plant diversity 

Source of variation Estimate Std. Error z value p 

Abundance 2016     

Number of total standing stems 2016 (Intercept) 4.675 0.058 80.98 <0.001 

Sum of Croton canopies 2015 (cm2) 0.001 0.000 13.29 <0.001 

Abundance 2021     

Number of total standing stems 2021 (Intercept) 5.322 0.050 106.87 <0.001 

Sum of Croton canopies 2019 (cm2) 0.001 0.000 6.36 <0.001 

Richness 2016     

Species richness 2016 (Intercept) 2.246 0.269 8.35 <0.001 

Sum of Croton canopies 2015 (cm2) 0.000 0.000 -0.58 0.563 

Richness 2021     

Species richness 2021 (Intercept) 2.521 0.265 9.51 <0.001 

Sum of Croton canopies 2019 (cm2) -0.001 0.000 -1.17 0.241 

Diversity 2016     

Shannon diversity 2016 (Intercept) 1.143 0.118 9.64 <0.001 

Sum of Croton canopies 2015 (cm2) 0.000 0.000 2.25 0.048 

Diversity 2021     

Shannon diversity 2021 (Intercept) 1.213 0.166 7.30 <0.001 

Sum of Croton canopies 2019 (cm2) 0.000 0.000 0.81 0.436 
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Supplemental Figures 

 
 

 
 

 

Figure S1. Presence of cattle among the vegetation of the High Elevation in winter. 
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Figure S2. Monthly rainfall (mm) of the winter period 2017 - 2018 of study site. 
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Figure S3. Design of plots excluded and not excluded from grazing. 
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Figure S4. Probabilities of survival by nutrients by grazing exclusion and elevation. 

Data were derived from generalized linear models with binomial distribution that 

incorporate statistical interactions between elevation, grazing exclusion, adding of N 

and P. Error bars correspond to 95% confidence intervals. Original observations of 

survival (1 = 100%) and mortality (0 = 0%) are shown with points top and bottom, 

respectively. All estimates were adjusted for average of logarithm of plant volume 2015 

(11.66).  
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Figure S5. Growth average by nutrients by grazing exclusion and elevation. Data were 

derived from linear models that incorporate statistical interactions between elevation, 

grazing exclusion, adding of N and P. Error bars correspond to 95% confidence 

intervals. Original observations are shown with dots around error bars. All estimates 

were adjusted for average of logarithm of plant volume (11.95) and average of 

logarithm of plant volume 2015 squared (145.06). 
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Figure S6. Probability of fruiting per inflorescences by elevation. Data were derived 

from binomial generalized linear mixed models incorporating statistical interactions 

between elevation. Error bars correspond to 95% confidence intervals. Original 

observations of fruiting (1 = 100%) and not fruiting (0 = 0%) are shown with points top 

and bottom, respectively. All estimates were adjusted for average of logarithm of plant 

volume (12.72).  
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Figure S7. Fruit yield per inflorescences by nutrients and elevation. Data were derived 

from generalized linear mixed-effects model incorporating statistical interactions 

between elevation, and nutrient addition (N and P). Error bars correspond to 95% 

confidence intervals. Original observations are shown with dots around error bars. All 

estimates were adjusted for average of logarithm of plant volume (for 12.88). 
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Figure S8. Seedling survival probabilities by elevation. Data were derived from 

generalized linear models with binomial distribution. Error bars correspond to 95% 

confidence intervals. Original observations of survival (1 = 100%) and mortality (0 = 

0%) are shown with points top and bottom, respectively. Estimates were adjusted for 

average distance between seedling and maternal plant (43.72).  
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Figure S9. We show decrease of plant cover of Croton at the High Elevation between 

2015 and 2019. 
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Figure S10. List of species from study site registered in 2016 and 2021. We show the 

species by year, by elevation and by grazing exclusion. 
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Figure S11. a: Plots without presence of grasses yet at the High Elevation, year 2015. b: 

Panoramic view at the High Elevation, year 2015. c: Grasses around Croton in the study 

plot (grazing exclusion) at the High Elevation, year 2019. d: Panoramic view with 

dominant grasses covers at the High Elevation, year 2019. Image captured near to the 

High Elevation plots. 
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Figure S12. Grass growth around adult plants and seedlings of Croton in winter. White 

labels indicate Croton seedlings. 

 

 

 



 189 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 190 

CAPÍTULO 4 

 

 

 

 

 

 

Evidence of morphological divergence and reproductive isolation in a 

narrow elevation gradient 

 

Diego P. Vélez‑Mora, Karla Trigueros‑Alatorre,  

Pedro F. Quintana‑Ascencio 

 

Publicado en Evolutionary Biology, 48: 321–334 (2021) 

 

 

 

 

 

 

 

 

 

 

 



 191 

Abstract 

Elevation gradients generate different environmental conditions. This environmental 

differentiation can influence morphological adaptation, habitat isolation, reproductive 

isolation, and pollinator limitation in plants. Habitat differentiation and isolation often act 

first on phenotypic traits and then on genotype variation, causing genetic divergences 

between populations. We evaluated the effect of elevation on morphological traits, 

reproductive isolation, and pollinator limitation in Croton aff. wagneri in dry shrublands 

of inter-Andean valleys in Ecuador. We measured morphological traits of Croton at three 

elevations and carried out experimental pollination crosses between and within each 

population at different elevations to assess the degree of reproductive isolation and 

pollinator limitation. Morphological traits such as leaf thickness, plant volume, 

inflorescence length and inflorescence number were dissimilar between plants in different 

elevations. There was evidence of incipient reproductive isolation between plants in 

populations at the highest and the lowest studied elevations. Pollination experiments 

within each elevation showed a limitation of pollinators in Croton in the highest elevation. 

Intrinsic barriers to pollen dispersal and ecological divergence can produce reproductive 

incompatibilities between individuals with different traits along the Croton elevation 

gradient. 

 

Keywords Croton · Elevation gradient · Inter-Andean shrubland · Morphological 

divergence · Pollen limitation · Reproductive isolation 
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Introduction 

Speciation involves the evolution of reproductive isolation barriers. Reproductive 

isolation entails interruption of gene flow between populations of a species (Alix et al., 

2017; White et al., 2020). Evolution of reproductive isolation barriers in plants originate 

by processes such as sexual and pollinator isolation (McKinnon et al., 2004; Rundle et 

al., 2005), gametic isolation (McCartney & Lessios, 2004; Ramsey et al., 2003) and 

habitat isolation (Matute et al., 2009; Rojo et al., 2020). Habitat isolation dissociates 

populations exposing them to novel environments in which they must adapt to persist 

(Noble et al., 2019). The direction of adaptive change depends on the phenotypic and 

genetic variation that is exposed to natural selection (Noble et al., 2019). Because 

selection acts on phenotypes, not directly on genotypes or genes, new traits can originate 

by environmental induction, as well as mutation, and then undergo selection and genetic 

accommodation (Levis & Pfennig, 2020). These processes enhance morphological 

variation and genetic structuring between populations because of new genetic 

rearrangements that can cause reproductive incompatibility (Draghi & Whitlock, 2012; 

Radersma et al., 2020). As an example, in the Galapagos the cyclical phenomenon of "El 

Niño" causes intense rains followed by periods of drought (Snell & Rea, 1999). These 

cyclical phenomena cause a prolonged change in habitat and in seed size (Grant & Grant, 

1996). Variation in seed size is associated with the bimodal size of beaks of "El 

Garrapatero" (Geospiza fortis; Huber et al., 2007). The G. fortis population has large-

beaked individuals that prefer large seeds and small-beaked individuals that prefer small 

seeds (Grant & Grant, 1996). This morphological divergence of beak size in G. fortis 

reveals both restrictions in gene flow between two morphs as well as two distinct gene 

pools showing a widely accepted speciation pattern in many taxa (Grant, 1999; Huber et 

al., 2007; Schluter, 2000). Such phenotypic plasticity could facilitate speciation through 
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morphological divergence between populations (Gomez-Mestre & Buchholz, 2006; Jiang 

et al., 2019; Rundle & Nosil, 2005). 

Environmental changes often trigger gene flow restriction, phenotypic and 

population divergence (Minelli, 2016; Pfennig & McGee, 2010; Shaw & Mullen, 2011). 

Phenotypic divergence produced through selection and reproductive isolation can 

generate ecologically differentiated adaptive populations that could result in the 

generation of new species (Adams & Huntingford, 2004; Mallet, 2008). Once a 

phenotype is expressed in a population, to support local environmental changes through 

physiological tolerance (phenotypic plasticity), selection can favor the expression of these 

traits through genetic adaptation (Chevin et al., 2010; Pfennig et al., 2010; Sun et al., 

2020). Several studies of adaptive traits in plants suggest that genetic adaptation is 

omnipresent due to clinal variation in phenotypes and genotypes between populations 

(Depardieu et al 2021; Kremer et al., 2014; Pais et al., 2017). In Vitis vinifera, the 

variation of adaptive traits of their leaves (plants with large leaves inhabit hot and humid 

climates, and plants with small leaves inhabit cold and dry climates) showed high 

heritability (Chitwood et al., 2014). Divergent populations of Cornus florida showed 

evidence of local genetic adaptation at various loci under selection that express traits of 

foliar osmotic potential for adaptation to drought (Pais et al., 2017). These studies suggest 

that plasticity is an evolutionary source for plant populations to adapt to environmental 

change (Radersma et al., 2020). Adaptations of populations to new environmental 

conditions can be become genetically fixed (Corl et al., 2010; Levis & Pfennig, 2020). 

This process can accumulate genetic differences between populations and contribute to 

reproductive isolation (Alix et al., 2017; Cardona et al., 2020; Pfennig et al., 2010). It is 

necessary to understand how processes that generate phenotypic variation interact with 

natural selection to explain and predict evolutionary paths (Uller et al., 2020). 
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Variation in reproductive morphology and pollinators plays an important role in 

plant species isolation with elevation. Two Andean species of Polylepis decreased their 

number of inflorescences in an elevation gradient between 3500 to 4100 m above sea 

level (m a.s.l.; Cierjacks et al., 2008). In the Helan Mountain Range, China, inflorescence 

size increased with elevation in insect-pollinated plants on a gradient between 1300 to 

3100 m a.s.l. (Zhu et al., 2009). Inflorescence size is key to pollination of flowers that 

exhibit differences in their sexual expression (Harder & Prusinkiewicz, 2013). Increased 

number of open flowers in an inflorescence can promote more pollinator visits and greater 

reproductive success (Gurung et al., 2019; Harder & Prusinkiewicz, 2013). 

Several studies have demonstrated the effect of elevation over pollination 

interactions (Gugerli, 1998; Ramos-Jiliberto et al., 2010; Zhao & Wang, 2015). Often, 

pollinator availability is low at higher altitudes, so populations at these elevations tend to 

develop self-compatibility (Alonso, 2005; Arroyo et al., 2017; Gugerli, 1998). An 

understanding of the influence of environmental heterogeneity on phenotypic and 

genotypic adaptation, pollination systems and sexual expression is essential to 

comprehend isolation and speciation processes (Matesanz et al., 2020; Minelli, 2016; 

Olito et al., 2018; Pélabon et al., 2011). 

In tropical mountainous regions temperature and humidity vary according to 

elevation gradients (Apaza-Quevedo et al., 2015). Elevation generates morphological 

variations in plants allowing them to adapt locally (Scheepens et al., 2010). Some of the 

adaptations that plants develop in response to changes in temperature and moisture in 

elevation gradients are specific leaf area (SLA; Cruz-Nicolás et al., 2020; Jian et al., 

2009), leaf thickness (LT; Scheepens et al., 2010), plant size (Badr et al., 2017), 

inflorescence length (Wang et al., 2019; Wu et al., 2016) and number of inflorescences 

(Quilot-Turion et al., 2013). In the Jura region and the Alps, populations of Campanula 
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thyrsoides showed phenotypic plasticity in both SLA and LT, and large genetic variation 

across an elevation gradient between 1600 to 2200 ma.s.l. (Scheepens et al., 2010). In 

Egypt, populations of Achillea fragrantissima growing at high altitudes had larger plant 

size and greater number of total and polymorphic ISSR markers compared to populations 

growing at low elevations in more arid sites (Badr et al., 2017). In Glycine max (soybean) 

and Penstemon centranthifolius inflorescence length was determined as a hereditary trait 

(Mitchell & Shaw, 1993; Wang et al., 2019). These environment-induced phenotypic 

variations could also be influenced by genetic effects due to local adaptation or genetic 

drift (Scheepens et al., 2010). 

In mountainous regions in the Andes, the Alps and Tibet, there has been evidence 

of pollinator limitation at high elevations (e.g., Alonso, 2005; Arroyo et al., 2017; Ramos-

Jiliberto et al., 2010; Zhao & Wang, 2015). However, there is a paucity of studies 

evaluating the effect of elevation gradients on pollen limitation (Levis & Pfennig, 2020). 

These processes are essential to understand selection forces favoring plant speciation 

along elevation gradients (Cardona et al., 2020; Matesanz et al., 2020; Sun et al., 2020). 

We evaluated morphological divergence and reproductive isolation on Croton aff. 

wagneri populations at an elevation gradient in the Andes of Loja, Ecuador. Croton aff. 

wagneri is a dominant member of plant communities occurring in inter-Andean regions 

of Ecuador (León-Yánez et al., 2011). Our study occurred in the lowest zone of the Andes 

called the Andean Depression (Richter et al., 2009). In this zone, elevation gradients 

cause abrupt changes in moisture and temperature, generating different 

microenvironments (Quintana et al., 2017; Richter & Moreira-Muñoz, 2005). Our study 

comprised a narrow elevation range of 300 m (Vélez- Mora et al., 2020). We hypothesize 

that the variation of moisture and temperature throughout this elevation gradient influence 

plant morphological traits (specific leaf area and leaf thickness) and reproductive 
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isolation between Croton aff. wagneri populations located at different elevations. Our 

research objectives were: (1) Determine morphological divergence of Croton aff. wagneri 

at different elevations; (2) Evaluate reproductive isolation of Croton aff. wagneri at 

different elevations, and (3) Assess pollen limitation at each elevation. We refer to pollen 

limitation as limited pollen receipt resulting from insufficient visits by pollenbearing 

animals (Willmer, 2011). We measured vegetative and reproductive trait variation among 

populations at three different elevations and performed experimental pollination crosses 

among and within elevations. We measured fitness components such as fruit set, and seed 

set associated with the different crosses as indicators of reproductive isolation and 

pollinator limitation. 

 

Methods 

Study Species 

Croton aff. wagneri (Euphorbiaceae, hereafter Croton) is a 0.5—1.5 m tall monoecious 

shrub (Ulloa & Jørgensen, 1995; Fig. 1B). Croton has axillary or terminal inflorescences 

with small unisexual flowers (Ulloa & Jørgensen, 1995). It has pubescent female flowers 

located at the base of the inflorescence and male flowers at the top (Ulloa & Jørgensen, 

1995; Fig. 1C and D). Male Croton flowers alternate occasionally in the middle with a 

few female flowers (Ulloa & Jørgensen, 1995; Webster, 1993). Number of flowers per 

inflorescence can vary between 10 and 60 male flowers and between 4 and 16 female 

flowers (Vélez-Mora unpublished data). Female Croton flowers are sessile or united with 

short pedicels (Ulloa & Jørgensen, 1995). The female flower calyx has five segments 

attached at the base with petals and glands generally absent (Ulloa & Jørgensen, 1995). 

The gynoecium consists of a compound pistil (van Ee et al., 2011). The ovary has three 

locules with one seminal primordium per locule (Ulloa & Jørgensen, 1995; van Ee et al., 
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2011). Styles are bifid and are 3 to 6 mm long (Ulloa & Jørgensen, 1995; Webster, 1993; 

personal observation). There may be two to three male flowers that are supported by a 

bract with five sepals attached at the base and five reduced petals (Ulloa & Jørgensen, 

1995). Number of stamens varies from 10 to 20 and the filaments are free (Ulloa & 

Jørgensen, 1995; Webster, 1993). Stamens are 3 to 6 mm long (personal observation). 

Croton is likely pollinated by a variety of nectarseeking pollinator species, particularly 

those belonging to the Hymenoptera and Diptera insect orders (Webster, 2014). Average 

number of fruits per inflorescence is 4.85 + SE 0.04 (Vélez-Mora unpublished data). Most 

seed dispersal occurs within a few meters (Espinosa et al., 2019; Jara-Guerrero et al., 

2015). The female flowers bloom before the male flowers, possessing a well-established 

dichogamy avoiding geitonogamy in the same inflorescence (Domínguez & Bullock, 

1989; Webster, 2014). However, pollination between male and female flowers from 

different inflorescences in the same plant can occur (c.f. Domínguez & Bullock, 1989). 
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Fig. 1. A: Map of Ecuador showing the locations of studied sites colored red at each 

elevation. B: Study species. C: A species of wasp visiting female Croton flowers. D: A 

bee visiting male Croton flowers. 

 

Study Site 

Our study was performed at an inter-Andean valley at Catamayo, Loja Province, Ecuador. 

This valley extends into the basin of the Río Catamayo from the riverbed at 1100 m a.s.l. 

to approximately 2700 m a.s.l. at the local highest point. In this valley Croton is 

distributed continuously between 1100 and 2080 m of elevation (Leal, 2015; personal 

observation). Croton shrubs are conspicuous elements in a sparse xerophytic and spiny 

vegetation (Fig. 1B). Plant species surrounding Croton are perennials such as Lantana 

canescens Kunth, Vachellia macracantha (Humb. & Bonpl. ex. Willd.) Seigler & 

Ebinger, Bursera graveolens (Kunth) Triana y Planch., Colicodendron scabridum 

(Kunth) Seem. and Opuntia quitensis F.A.C. Weber (Espinosa et al., 2013, 2019; Sierra, 

1999; Ulloa & Jørgensen, 1995). The topography is rugged with moderately steep slopes 

(Fig. 1A). Ungulates (donkeys, cows, goats) wander on the property (Espinosa et al., 

2013). We have not seen these animals browsing on Croton, and local herders confirmed 

that these animals seldom feed on it, but we have observed livestock trample seedlings 

and small plants and damaging plant branches. This ecosystem experiences hot (24.8 °C 

mean annual temperature) and dry weather, with an extended dry season (317 mm mean 

annual precipitation, 57% of it occurring between February and May) (Espinosa et al., 

2019; Figure S1A). Water deficit is prevalent 10 months a year (Espinosa et al., 2019; 

Figure S1A). 

We selected six sites, two per elevation, at three elevations within the Hacienda 

Alamala: 1700 m a.s.l. identified as High Elevation (3° 58′ 07.90″ S, 79° 25′ 19.71″ W), 
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1550 m a.s.l. identified as Medium Elevation (3° 59′ 20.09″ S, 79° 25′ 28.64″ W) and 

1400 m a.s.l. identified as Low Elevation (3° 59′ 40.15″ S, 79° 26′ 31.29″ W; Fig. 1A). 

Distances among sites in different elevations were greater than 2.5 km (but less than 6 

km) while sites within the same elevation were at least 100 m apart (but less than 300 m 

apart). 

 

Morphological Traits of Croton Plants Between Elevations 

To evaluate morphological traits of Croton we selected haphazardly breeding plants at 

two sites at each elevation. We selected eight plants per site for a total of 48 plants. We 

randomly collected four leaves per plant (n = 192 leaves). To measure leaf area, we used 

a CI-202 Portable Laser Area Meter (CID Bio-Science Inc, Camas, Washington, USA). 

Fresh weight of these leaves was obtained 1 h after collection. Leaves were dried for 42 

h in a forced air oven (DFO-36, MRC ltd., United Kingdom). Fresh weight and dry weight 

of leaves were measured on an analytical scale (OHAUS PA84C, Analytical Pioneer, 

China). Specific leaf area (SLA; cm2 g− 1), leaf dry matter content (LDMC; mg g− 1) and 

leaf thickness (LT; μm) were calculated with the following equations (Vile et al., 2005): 

 

𝑆𝐿𝐴 =
𝐿𝐴

𝐿𝐷
 

 

𝐿𝐷𝑀𝐶 =
𝐿𝐷

1 − (𝐿𝑊) 
 

 

𝐿𝑇 =
1

(𝑆𝐿𝐴 × 𝐿𝐷𝑀𝐶)
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Where LA is leaf area (cm2), LD is leaf dry mass (g) and LW is leaf water content (g). We 

characterized each plant by their volume (see Vélez-Mora et al., 2020), number of 

inflorescences and average inflorescence length. We evaluated plant volume as a measure 

of resource availability (Shivanna & Tandon, 2014) and number of inflorescences and 

average inflorescence length as a measure of reproductive effort (Harper & Ogden, 1970). 

When plants had ~ 100 inflorescences, we counted all inflorescences on the plant. In some 

individuals the number of inflorescences was estimated because they were too numerous 

(from January to March; Vélez-Mora 2019, unpublished data). We divided plant canopy 

into four quadrants, selected one at random, counted the number of inflorescences and 

multiplied it by four. For inflorescence length, we measured five inflorescences randomly 

per plant. 

We used generalized linear mixed effect models (using R package nlme; Pinheiro 

et al., 2020) to evaluate leaf thickness variation as a function of specific leaf area 

(Supplementary Information Table S1) and elevation (elevation and specific leaf area as 

fixed factors and sites and plants as random factors). We evaluated variation on number 

of inflorescences (transformed with logarithms) and inflorescence length as a function of 

plant volume (transformed with logarithms) and elevation (plant volume and elevation 

as fixed factors and sites and plants as a random factor). Hierarchically, we evaluated the 

random effects of plants within sites and sites within elevations. The inclusion of plant 

volume and specific leaf area as state variables allowed us to account for the effect of 

variation in plant and leaf size among individuals. We identified the most likely model 

for each set using small sample Akaike criteria (AICc; Burnham & Anderson, 2002; see 

Supplementary Information Tables S1-S9). For inflorescence length, there were no clear 

differences between the two most likely models. We choose the model with the effects of 

elevation and volume because it had the highest r-squared among the set and it was 
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consistent with previous findings (Supplementary Information Tables S7). All analyses 

were performed in version 3.6.2 of R software (R Core Team, 2019). 

 

Study Site Micro‑Climate 

During our field season between 1 and 28 Feb. 2019, we monitored at each elevation air 

temperature and humidity, soil temperature and moisture at a depth of 10 cm, and 

photosynthetic light, all with a sampling interval of five minutes, using HOBO data 

loggers S-TMB-M006, S-SMC-M005, and S-LIA-M003 (Onset, Bourne, Massachusetts, 

USA). We built an ordination regularized discriminant analysis (RDA; rda function in 

package vegan of R Core Team, 2019; Oksanen et al., 2019) to describe the combined 

association of these variables with elevation in our sites. Regularized discriminant 

analysis ordination included the mean and the standard deviation of daily air temperature, 

daily soil temperature, relative air humidity, photosynthetic active radiation, soil moisture 

and dew point (Supplementary Information Fig. S1 and Fig. S2). We measured with 

Spearman correlations (cor function; stats package of R Core Team, 2019) the association 

of these scores with the studied leaf attributes to identify possible different selection 

pressures across elevations. 

 

Reciprocal Pollinations Between Elevations to Assess Reproductive Isolation 

 

We performed reciprocal hand pollinations between the High, Medium, and Low 

elevations. Pollinations began on 7 Feb. 2019, during the species’ peak bloom. Two sites 

were selected per elevation and eight breeding plants were chosen at each site (total 48 

plants). One day before the first pollination, inflorescences with pre-anthesis female buds 

were bagged to ensure that they were not pollinated. Reciprocal pollinations consisted of 
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hand pollinations between elevations and bagging of the inflorescences after being 

pollinated. Reciprocal pollinations were contrasted with cross pollination within each 

elevation. This treatment consisted of bagging and hand pollination with pollen from 

other plants of the same population. In the first attempt, one day after bagging, two trials 

of hand pollination were carried out per plant and inflorescence: one in the morning 

(between 700 and 1100 h) and another in the afternoon (between 1400 and 1800 h) in the 

same inflorescence. Additional pollinations were attempted on the fourth day for those 

flowers that were not in anthesis before. A third and last pollination was repeated after 15 

days for remaining flowers that did not open before. No female flowers remained 

available in the chosen inflorescences after this final attempt. A total of 144 pollination 

trials were carried out (eight plants × two sites × three elevations × two pollen 

provenances from respective elevation + crosses within elevation). The experimental unit 

was the inflorescence for each treatment. 

For hand pollination, fresh inflorescences with male flowers at each site were 

collected one hour before each pollination attempt. Inflorescences were kept in a cooler 

in plastic bags. Three male flowers with pollen available from different donor plants were 

used. To check availability of pollen, anthers were rubbed against a clean piece of black 

cloth. Anthers of each male flower were gently rubbed one by one over stigmas of all 

open female flowers (Supplementary Information Fig. S3). After 36 days we collected 

the fruits of the reciprocal pollinations. Not all the fruits reached full maturity because we 

had to collect them before livestock could damage the bags from the treatments. We 

counted number of aborted fruits, number of fruits developed and number of seeds for 

each fruit. We consider as aborted fruits scars left on the inflorescences by female 

reproductive structures that fell before developing (see Domínguez & Bullock, 1989). 

Total fruits were the sum of aborted fruits and developed fruits in the inflorescence. Fruit 
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set of each treatment was calculated as proportion of fruits developed throughout the 

inflorescence. Seed set for each treatment was calculated as proportion of seeds 

developed in all fruits of the entire inflorescence. We calculated the reference potential 

number of seeds assuming three seeds per fruit. Reproductive isolation (RI) was 

calculated following Sobel and Chen (2014). The reproductive isolation for fruit set and 

seed set was calculated as: 

 

𝑅𝐼 = 1 − 2 × ( 
𝑋𝐶𝐵𝐸  

𝑋𝐶𝑊𝐸  +  𝑋𝐶𝐵𝐸
 ) 

 

Where XCBE is the value of fruit and seed set of the reciprocal crosses between elevations 

and XCWE is the value of fruit and seed set of the crosses within each elevation. 

Reproductive isolation values range from 1 (complete isolation) to -1 (complete 

disassortative mating). RI = 0 indicates random mating (Sobel & Chen, 2014; Ramírez‐

Aguirre et al., 2019). We considered for the analysis of reproductive isolation only plants 

greater than 400,000 cm3 (41 large plants of a total of 48) because we observed that 

smaller plants have reduced fertility (mean of large plant fruits 5.1 ± 0.66 SE and small 

plants 2.9 ± 0.98 SE; Espinosa et al., 2019; see Supplementary Information Fig. S4). We 

calculated the mean RI (and its 95% confidence interval) for each of the pairs of crosses 

per elevation. We considered clear evidence of reproductive isolation when crosses with 

the reproductive isolation index (RI) had a positive value and its confidence interval bar 

did not overlap zero. 

 

Pollen Limitation Within Each Elevation 

We carried out four pollination treatments to estimate pollen limitation: (1) Crosses 

within elevation (also incorporated in reproductive isolation analysis); (2) Hand-
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geitonogamous pollination: bagging and manual pollination with pollen of the same plant; 

(3) Open pollination: not bagging and no manual pollination, and (4) Control: bagged 

flowers to eliminate access of animal pollinators. These treatments were carried out in 

parallel with reciprocal pollination between elevations for reproductive isolation, so they 

were carried out under the same protocol. Inflorescences of open pollination treatment 

were bagged six days after last pollination to protect developing fruits. A total of 144 

trials were conducted excluding treatment of crosses within elevation (eight plants × two 

sites × three elevations × three treatments). The experimental unit was the inflorescence 

for each treatment. Plants for the pollination treatments were different from the plants 

used in the measurement of leaves so as not to influence their reproductive investment. 

For the treatments that involved bagging, 4 × 6" pollination bags of nonwoven transparent 

polypropylene fabric were used (Carolina Biological Supply Company, Burlington, North 

Carolina). We also only considered plants larger than 400,000 cm3 to analyze pollen 

limitation. We compared the four pollination treatments using a non-parametric paired 

Wilcoxon test. 
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Fig. 2. Variation of morphological traits of Croton according to elevation. A: Leaf 

thickness increased according to specific leaf area and was higher in the High Elevation. 

B: Number of inflorescences increased according to plant volume and was higher in the 

High Elevation. C: Average inflorescence length increased according to plant volume and 

was higher in the Low Elevation. 

 

Results 

Morphological Traits of Croton Plants Between Elevations 

Leaf thickness decreased with specific leaf area (Fig. 2A). Leaf thickness was higher in 

the High Elevation compared to the other two elevations (Fig. 2A, Supplementary 

Information Table S3). Number of inflorescences and inflorescence length increased with 

plant volume (Fig. 2B and C). Number of inflorescences was different between elevations 

and was higher in High Elevation (Fig. 2B). Inflorescence length was greater in the Low 

Elevation compared to the High Elevation (Fig. 2C). We did not observe differences in 

inflorescence length between Medium Elevation and High Elevation or between Medium 

Elevation and Low Elevation. 

 

Climate 

The regularized discriminant analysis differentiated the elevations with the climate 

variables studied. The percentage of the variance explained by the first axis (PC1) was 

93% and the percentage explained by the second axis (PC2) was 7%. The first axis 

(PC1—Fig. 3) clearly separated the three elevations while the second axis (PC2) clearly 

separated the Low Elevation from the Medium Elevation and the High Elevation that 

were like each other in this axis. In the first axis, the High Elevation had the lowest scores 
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associated with high average soil and air humidity and high soil water content variation 

but low values for all the other environmental variables. In the first axis, the Low 

Elevation had intermediate scores and the Medium Elevation the high scores. In the 

second axis, the Low Elevation had the highest scores, while the High Elevation and 

Medium Elevation had lower scores. High scores in the second axis were associated with 

more variable air and soil humidity, higher temperatures, and higher dew points. Change 

in leaf thickness with elevation, adjusted by leaf area (coefficients for elevation in 

Supplementary Information Table S1) was associated with the first axis of the 

environmental regularized discriminant analysis (Spearman correlation = -1). 

 

Reciprocal Pollinations Between Elevations to Assess Reproductive Isolation 

We used fruit and seed set variation of reciprocal pollinations between elevations 

contrasted with cross pollinations within each elevation to calculate reproductive 

isolation (RI). Using fruit set we recognized reproductive isolation between Low 

Elevation (as pollen donors) and High Elevation plants (as pollen receptors) and between 

Medium Elevation (as pollen donors) and High Elevation plants (as pollen receptors; Fig. 

4). Using seed set, the results were consistent with those of fruit set but less clear (Fig. 

4). We did not find clear evidence of reproductive isolation or disassortative mating of 

plants in any other cross between populations. 
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Fig. 3. The regularized discriminant analysis differentiated the elevations with the climate 

variables studied. The first axis (PC1 explained 93% of the variance) clearly separated 

the three elevations while the second axis (PC2 explained 7% of the variance) clearly 

separated the Low Elevation from the Medium Elevation and the High Elevation that 

were like each other in this axis. 
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Fig. 4. Reciprocal crosses between elevations to determine reproductive isolation (RI) by 

fruit and seed set of Croton. The mean and the confidence intervals indicated reproductive 

isolation between Low Elevation plants and High Elevation plants according to fruit set.  

 

Pollen Limitation Within Each Elevation 

Fruit and seed set with open pollination were clearly higher at Low Elevation compared 

to the other two elevations and treatments (Fig. 5). Fruit and seed set with open pollination 

were higher compared to control treatment at Low and Medium elevations (Fig. 5). Fruit 

and seed set were clearly higher with crosses within and handgeitonogamy compared to 

control treatment at Medium Elevation (Fig. 5). Fruit and seed set did not differ between 

the treatments at High Elevation, except between the treatments within and control by 

seed set (Fig. 5). 
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Fig. 5. Fruit and seed set by treatment within each elevation. We compared differences 

among the four pollination treatments using a non-parametric paired Wilcoxon test after 

an Analysis of variance. Fruit and seed set with open pollination were higher at Low 

Elevation compared to the other two elevations and treatments. Fruit and seed set was 

marginally different between within crosses and open bag treatment at High Elevation. 

 

Discussion 

Our data contribute to a better understanding of the interaction between elevation, 

morphological trait variation, reproductive isolation, and pollinator limitation among 

Croton in the southern Ecuadorian Andes. Individual morphological trait variation of 

Croton plants was concordant with reproductive isolation between individuals of 

populations at different elevations. 

 

Morphological Traits of Croton Plants Between Elevations 

Our results evidenced morphological divergences between Croton populations at 

different elevations. The plants at the High Elevation produced a greater number of 
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inflorescences. Their leaves were thicker and with a greater specific leaf area. However, 

plants at the High Elevation had less volume, and the inflorescence length was shorter. 

Higher inflorescence production suggests that plants possess sufficient resources to invest 

in flower and seed production and prioritize reproduction instead of growth (Fabbro & 

Körner, 2004). Allocation of resources to reproductive structures in alpine plant species 

was three times greater at high elevations than at low elevations (Fabbro & Körner, 2004). 

High number of Croton flowers at the High Elevation could be associated with a higher 

availability of nitrogen and organic matter existing at this elevation (Wright et al., 2004; 

Supplementary Information Fig. S5). In addition, in the High Elevation resources for the 

reproductive function are in greater proportion for production of male Croton flowers, 

the most economical reproductive function (Velez-Mora et al., 2020). In the high tropical 

mountains, climate is cold and dry, and air and soil temperatures decrease with increasing 

elevation (Domic & Capriles, 2009). Under these conditions, plants produce thick leaves 

to counteract drought and mechanical stress caused by the wind (Pérez et al., 2020; Vogel, 

2009). Several studies indicate reduction of specific leaf area with increasing elevation to 

withstand unfavorable environmental conditions (Apaza-Quevedo et al., 2015; Jian et al., 

2009; Scheepens et al., 2010). Our results showed an opposite relationship in Croton, 

with a lower specific leaf area at Low Elevation probably due to higher soil water stress. 

In Viola maculata in the Central Andes of Chile, for example, the specific leaf area and 

stomatal conductance increased with elevation, reducing water stress (Seguí et al., 2018). 

This relationship is consistent with specific leaf area and soil moisture content data in 

Croton (Supplementary Information Fig. S1). This relationship suggests that Croton can 

develop differential responses to the environment at relatively short distances, either by 

phenotypic plasticity or by genetic adaptations. 
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Leaf thickness and specific leaf area generally tend to evolve separately from plant 

size (Pérez et al., 2020). Reduction in plant size at high elevations serves as self-shading 

where plants adhere to the ground to decouple their climate from the surrounding 

environment, prevent desiccation, and accumulate heat in the plant canopy (Hallik et al., 

2009). Inflorescence length also shortens with increasing elevation in alpine 

environments (Fabbro & Körner, 2004). Shortening of inflorescences at high elevations 

creates a warm environment that could substitute for the advantage of large plants to 

attract the most pollinators (Donnelly et al., 1998). These strategies can increase seed set 

and attractiveness to pollinators (Fabbro & Körner, 2004).  

 

Reciprocal Pollinations Between Elevations to Assess Reproductive Isolation  

Our results indicated an incipient reproductive isolation between Croton populations at 

the most extreme studied elevations in this relatively short gradient. Environmental 

heterogeneity generated by elevation can lead to local adaptation in plants (Chapman et 

al., 2016; Cordell et al., 1998). Recent studies have suggested that phenotypic plasticity 

may signal genetic divergence between populations (Caetano et al., 2020; Walter et al., 

2020). The Achillea fragrantissima populations that grew at high altitudes differed from 

the rest by being larger and presenting a greater number of ISSR markers in Egypt 

(elevation range between 132 and 1154 m; Badr et al., 2017). A genetic study on Croton 

populations in the same geographic area as ours but at different elevations and using 

AFLP markers provided evidence of clear genetic differentiation between high and low 

elevation populations (Leal, 2015). Croton populations of each elevation still maintained 

a partial compatibility with each other in agreement with our results. 

 

Pollen Limitation Within Each Elevation 
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Open pollination produced higher fruit and seed set at Low Elevation and similar values 

as other treatments (except bagged flowers) in Medium Elevation. This did not occur at 

High Elevation where fruit and seed set were higher with hand pollination with pollen 

from neighboring plants compared to the other treatments, including open pollination. 

The lower fruit and seed set at High Elevation in open pollination offers us indirect 

evidence of limitation of pollinators in Croton. Our study did not evaluate diversity of 

pollinators associated with Croton pollination. However, several studies have shown 

decreases in abundance and diversity of pollinators as elevation increases consistent with 

our preliminary observations in this region (Arroyo et al., 2006; Ramos-Jiliberto et al., 

2010; Torres-Díaz et al., 2011). In two subspecies of Campanula spatulata, insect 

visitation rate decreased with elevation on Mount Olympos (elevation range 400—2200 

m.a.s.l; Blionis & Vokou, 2002). In the same study, plant size, flower size and number of 

flowers differed between elevations indicating reproductive isolation and morphological 

divergence in these subspecies (Blionis & Vokou, 2002). Low visit rates of pollinators at 

High Elevation were consistent with low output of fruit and seed of Croton at this 

elevation. Scarcity or ineffectiveness of pollinators to ensure pollen dispersal at high 

elevations and limited dispersal of Croton seeds (Espinosa et al., 2019) could restrict gene 

exchange between populations at different elevations (Cardona et al., 2020; van der Niet 

et al., 2014).  

Intrinsic barriers to gene flow and ecological divergence produce reproductive 

incompatibilities between ecotypes (Schliewen et al., 2001; Walter et al., 2018, 2020). 

There were clear differences in temperature and moisture between high and low elevation 

in our study site. These climatic conditions could generate a strong selection for both 

plants and pollinators (Cardona et al., 2020; Halbritter et al., 2018). Several studies show 

how insect composition and environmental conditions change along elevation in narrow 
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geographic spaces in the Andes (Arroyo et al., 2017; Hall, 2005; Medina et al., 2002; 

Pyrcz, 2004; Ramos-Jiliberto et al., 2010). Change in composition of insects could 

generate a restriction of gene flow between elevations and strengthen local adaptation of 

Croton at each elevation (Peakall & Whitehead, 2014; van der Niet et al., 2014). Local 

adaptation could help Croton plants to adjust in response to their habitat and pollination 

environments (Dai et al., 2017). Our findings are consistent with other studies where 

ecological adaptations (SLA for example according to Scheepens et al., 2010) in 

combination with reproductive isolation could lead to a divergence of Croton populations 

in parapatry (Itino & Hirao, 2016; Nosil, 2012; Walter et al., 2020). Low gene flow 

through reduced dispersal of pollen and seeds (Espinosa et al., 2019) could be causing 

reproductive isolation between populations of Croton at high and low elevations. Abrupt 

changes in temperature and humidity along elevation gradient could be selective forces 

that disrupt pollinator movement between elevations (Bridle & Vines, 2007; Halbritter 

et al., 2018; Lenormand, 2002). This could reinforce genetic isolation barriers for Croton 

in High Elevation populations probably leading to divergence and local adaptation at each 

elevation (White et al., 2020). Elevation gradients offer an interesting opportunity to 

study adaptive traits under strong selection pressure and homogenizing effect of gene 

flow (Gonzalo-Turpin & Hazard, 2009; Halbritter et al., 2018; Sexton et al., 2011). In 

these regions of the Andes there is a great diversity of species, many of them endemic 

with restricted elevation which will benefit from a better understanding of their 

population ecology and evolution (c.f. Herzog et al., 2011; Homeier et al., 2010; Josse et 

al., 2009; Quintana et al., 2017). 

 

Limitations 
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In this study, it was not possible to determine differences in other fitness components 

between pollination treatments and elevations since fruits were collected before their 

complete development to prevent cows and goats in the study site from damaging the 

experimental bags. However, independent information indicated that Low Elevation 

seeds (0.0090 ± SE = 0.00013 g; n = 716) were larger and heavier compared to Medium 

Elevation seeds (0.0066 ± SE = 0.00032 g; n = 111) and High Elevation (0.0064 ± SE = 

0.00019 g; n = 330; unpublished data from Vélez-Mora). Future work should directly 

evaluate composition and visitation rates of pollinators in this elevation gradient. 

Likewise, experiments based on reciprocal transplants of plants or experiments in 

common garden conditions should be carried out to evaluate genotypic and phenotypic 

differences between populations to reaffirm our interpretations. 

 

Conclusion 

Our study provides observational and experimental evidence for simultaneous variation 

of plant morphological traits and incipient reproductive isolation of Croton in a narrow 

elevation gradient with contrasting climatic conditions. Lower number of fruits and seeds 

of the High Elevation population compared to the Low Elevation population and 

pollination experiments within each elevation evidenced a limitation of pollinators in 

Croton in the High elevation population. Intrinsic barriers to pollen and seed dispersal, 

and ecological divergence may produce reproductive incompatibilities between 

individuals with different traits along the Croton elevation gradient.  
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Table S1. AICc compare the models for Leaf thickness 

Model dAICc df weight 

Leaf thickness ~ Specific leaf area + Elevation 0 7 0.67 

*Leaf thickness ~ Specific leaf area × Elevation 1.4 9 0.33 

Leaf thickness ~ Elevation 75.4 6 <0.001 

*Leaf thickness ~ Specific leaf area + Elevation + Specific leaf area × Elevation. The 

dAICc column show the relative difference in AICc between the best-supported model 

and other models. The weight column contains the Akaike weights, which sum up to 

one and are a measure of proportionality for each model. 

 

 

 

 

 

Table S2. ANOVA of the model Leaf thickness ~ Specific leaf area + Elevation 

Source of variation numDF denDF F-value p-value 

(Intercept) 1 155 285.04 <0.001 

Specific leaf area 1 155 79.06 <0.001 

Elevation 2 3 8.59 0.057 

numDF: Degrees of freedom of numerator; denDF: Degrees of freedom of denominator 
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Table S3. Summary of model Leaf thickness ~ Elevation + Specific leaf area. 

Source of variation Effect size SE DF t-value p value 

High Elevation (reference) 

 

1499.80 124.35 155 12.06 <0.001 

Medium Elevation 

 

-188.96 49.96 3 -3.78 0.032 

Low Elevation 

  

-183.83 54.05 3 -3.40 0.042 

Specific Leaf Area (cm2g-1) -133822.44 13937.06 155 -9.60 <0.001 

The elevation and specific leaf area clearly influenced leaf thickness. The AIC value for 

this model was 2847.897. In this model we evaluate random effects. The first one was 

plants within sites equal to 101.7, the second one was sites equal to 0.02, and residual of 

equal 201.4. The value of R2m was 0.339 and R2c was 0.473. R2m indicates the variance 

explained only by fixed effects and R2c indicates the variance explained by fixed and 

random effects (Nakagawa and Schielzeth 2013). 
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Table S4. AICc compare the models for Number of inflorescences (logarithm 

transform) 

Model dAICc df weight 

Number of inflorescences ~ Elevation + Log plan volume 0 7 0.967 

*Number of Inflorescences ~ Elevation × Log plan volume 6.8 9 0.033 

Number of inflorescences ~ Elevation 42.9 6 <0.001 

*Number of inflorescences ~ Elevation + Log plan volume + Elevation × Log plan 

volume. 

 

 

 

 

Table S5. ANOVA of the model Number of inflorescences ~ Elevation + Log plan 

volume 

Source of variation numDF denDF F-value p-value 

(Intercept) 1 49 9007.21 <0.0001 

Log plan volume 1 49 51.52 <0.0001 

Elevation 2 3 13.82 0.0306 

 

 

 

 

Table S6. Summary of model Number of inflorescences ~ Elevation + Log plan volume. 

In this model we evaluate random effects.  

Source of variation Effect size SE DF t-value p value 

Low Elevation (reference) -5.71 1.18 49 -4.84 <0.001 

Log plan volume 0.74 0.08 49 8.83 <0.001 

High Elevation 0.74 0.14 3 5.19 0.014 

Medium Elevation 0.33 0.13 3 2.46 0.091 

The elevation and plant volume clearly influenced number of inflorescences. The AIC 

value for this model was 70.889. In this model we evaluate random effects. The first 

one was plants within sites equal to 0.37, the second one was sites equal to 0.000008, 

and residual of equal 0.002. The value of R2m was 0.59 and R2c was 0.999. 

 

 

 

 

 

Table S7. AICc compare the models for inflorescence length 

Source of variation dAICc df weight 

Inflorescences lenght ~ Elevation  0 6 0.53 

Inflorescences lenght ~ Elevation + Log plan volume 0.8 7 0.36 

*Inflorescences lenght ~ Elevation × Log plan volume 3.2 9 0.11 

*Inflorescences lenght ~ Elevation + Log plan volume + Elevation × Log plan volume  
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Table S8. ANOVA of the model Inflorescences length ~ Elevation + Log plan volume 

Source of variation numDF denDF F-value p-value 

(Intercept) 1 49 780.8979 <0.0001 

Log plan volume 1 49 11.7771 0.0012 

Elevation 2 3 4.5160 0.1245 

 

 

 

 

 

Table S9. Summary of model Inflorescence length ~ Elevation + Log plan volume 

Source of variation Effect size SE DF t-value p value 

(Intercept) -0.17 4.91 49 -0.03 0.973 

Log plan volume 0.52 0.35 49 1.49 0.144 

High Elevation -1.76 0.59 3 -2.98 0.059 

Medium Elevation -1.16 0.55 3 -2.09 0.128 

The elevation influenced inflorescence length. The AIC value for this model was 

219.046. In this model we evaluate random effects. The first one was plants within sites 

equal to 1.552, the second one was sites equal to 0.0006, and residual of equal 0.02. The 

value of R2m was 0.274 and R2c was 0.999. 
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Figure S1. Variation between elevations of photosynthetically active radiation, soil 

temperature, and soil water content. The observations correspond to days between 

February 1 and 28, 2019. At Low Elevation the soil temperature is high, and the water 

content is low. 
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Figure S2. Variation between elevations of dew point, relative humidity, and air 

temperature. The observations correspond to days between February 1 and 28, 2019. 

When selecting observations from sunrise (600) to sunset (1800) figure shows the 

observations from February 6 to 18. At Low Elevation dew point is high. 
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Figure S3. Pollinating Croton. Cotton gloves were used due to the intense solar 

radiation of study site. 
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Figure S4. Inflorescences number as a function of plant volume. Open circles after the 

dashed red line (400000 cm3) show larger individuals with a greater inflorescences 

number and a larger plant size, suggesting that they are reproductive plants (Espinosa, 

Vélez-Mora et al. 2019). 
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Figure S5. The differences of nitrogen (%) and organic matter (%) between elevations 

are shown. The High Elevation clearly has a high percentage of nitrogen and organic 

matter compared to the other two elevations. For soil analyzes, four samples were 

collected per elevation. Each soil sample is the combination of four soil subsamples 

collected at each elevation. 
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DISCUSIÓN GENERAL 

Esta disertación aporta información sobre los determinantes bióticos y abióticos de la 

expresión sexual del arbusto monoico Croton, la variación espacial de su expresión 

sexual, sincronía reproductiva, supervivencia, crecimiento, reproducción, reclutamiento 

de plántulas, y la diversidad vegetal asociada a Croton. También contribuye al 

conocimiento sobre procesos de divergencia morfológica y aislamiento reproductivo a lo 

largo de gradientes de elevación en un matorral seco interandino al sur de Ecuador. 

La variación de temperatura y humedad, el tamaño de la planta y la ocurrencia de 

vecinos conespecíficos tienen una influencia en la producción de flores femeninas en 

especies unisexuales. En el Capítulo 1 mostramos cómo los sitios con diferente elevación, 

el tamaño de la planta y la cobertura vegetal influyeron en la expresión sexual de Croton 

y en la agregación de la feminidad. La facilitación de la cobertura vegetal conespecífica 

podría promover patrones de agregación de feminidad en especies monoicas en sitios con 

temperaturas más moderadas en el suelo y con menor contenido de humedad. El dosel 

arbustivo puede mejorar las condiciones microambientales, la acumulación de materia 

orgánica, los nutrientes en el suelo (Moro, Pugnaire, Haase y Puigdefábregas, 1997) y 

mejorar la disponibilidad de agua (Holmgren, Scheffer y Houston, 1997, Sagar, Pandey 

y Singh, 2012) haciendo que estas condiciones en los vecindarios de conespecíficos sean 

más favorables para la producción y desarrollo de flores femeninas en Croton 

(Butterfield, Bradford, Armas, Prieto y Pugnaire, 2016; Holmgren, Scheffer y Houston, 

1997; Lara-Romero et al. 2016; Lara-Romero et al. 2017; Pugnaire, y Luque 2001). 

Debido a la variación de condiciones de temperatura y humedad entre elevaciones, las 

plantas dependen de plasticidad fenotípica para adaptarse a posibles cambios extremos 

en estos ambientes. Estas adaptaciones podrían establecerse evolutivamente en la 

población provocando una diferenciación genética entre poblaciones.  
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Los gradientes de elevación generan diferentes condiciones ambientales. Esta 

diferenciación ambiental provoca selección divergente originando cambios adaptativos 

plásticos y probablemente un aislamiento reproductivo. En el Capítulo 4 observamos una 

variación en los rasgos morfológicos vegetativos y reproductivos de Croton y un 

aislamiento reproductivo incipiente entre poblaciones a lo largo del gradiente de 

elevación. Nuestros resultados mostraron menor área foliar específica en la Elevación 

Baja probablemente debido a un mayor estrés hídrico del suelo. Otros estudios muestran 

tendencias similares en donde el área foliar específica y la conductancia estomática 

aumentan con la elevación para reducir el estrés hídrico (p. ej. Viola maculata; Seguí et 

al. 2018).  

La producción de frutos y semillas fue diferente entre elevaciones sugiriendo una 

posible limitación de polinizadores en Croton, especialmente en la Elevación Alta. En 

este estudio, no evaluamos la diversidad de polinizadores asociados con la polinización 

de Croton, sin embargo, otros estudios han mostrado una reducción en la abundancia y 

diversidad de polinizadores cuando aumenta la elevación en la región andina (Arroyo et 

al. 2006, Ramos-Jiliberto et al. 2010, Torres-Díaz et al., 2011). La posible escasez o 

ineficacia de los polinizadores para garantizar la dispersión del polen en elevaciones altas 

y la dispersión limitada de semillas de Croton (Espinosa et al., 2019) podría restringir el 

intercambio de genes entre poblaciones a diferentes elevaciones (Cardona et al., 2020; 

van der Niet et al., 2014). Las diferencias en temperatura y humedad entre elevaciones 

podrían generar selección tanto de plantas como de polinizadores (Cardona et al., 2020; 

Halbritter et al., 2018). El cambio en la composición de los insectos podría también 

ocasionar una restricción del flujo de genes entre elevaciones y favorecer la adaptación 

local de Croton en cada elevación (Peakall & Whitehead, 2014; van der Niet et al., 2014).  
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La variación de temperatura y humedad a lo largo de un gradiente de elevación 

impone importantes restricciones para el desarrollo de poblaciones vegetales en 

ecosistemas estacionalmente secos. Otros factores como la disponibilidad de nutrientes y 

el pastoreo también influyen en la reproducción, supervivencia y crecimiento vegetal. La 

variación de temperatura y humedad del suelo, los nutrientes y el tamaño de la planta 

pueden desacoplar el tiempo de floración entre parejas potenciales en especies 

unisexuales, produciendo flores femeninas y masculinas entre plantas en diferentes 

tiempos. El solapamiento temporal de organismos con sus parejas potenciales y recursos 

para la reproducción es conocido como sincronía floral o reproductiva. En el Capítulo 2 

documentamos que las plantas de Croton de mayor tamaño, en la elevación más baja (que 

presentó las temperaturas más altas y los sitios con mayor disponibilidad de nitrógeno) 

aumentaron la sincronía reproductiva. El aumento de la sincronía reproductiva, de 

temperatura y de N y P incrementaron la producción de frutos y la probabilidad de 

germinación de Croton. Estos resultados coinciden con otros estudios que indican que la 

floración y los polinizadores pueden sincronizarse con los cambios de humedad y 

temperatura (Bolmgren, 1998; Inouye et al., 2003). Los cambios impuestos por el clima 

y los nutrientes en la fenología floral también pueden desacoplar la sincronía planta-

polinizador, reduciendo potencialmente la producción de semillas (Elzinga et al., 2007). 

Estos resultados sugieren que una reducción en la sincronía de floración podría afectar el 

éxito reproductivo de Croton. 

La variación de temperatura y humedad del suelo, los nutrientes, el pastoreo y la 

interacción de facilitación planta-planta influyen en la demografía vegetal. En Capítulo 3 

comprobamos que cambios en temperatura, humedad, niveles de pastoreo y 

disponibilidad de nutrientes pueden alterar la demografía de Croton. La exclusión del 

pastoreo benefició la supervivencia de Croton, particularmente en la Elevación Alta 
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donde la presencia de animales se ha incrementado en los últimos años. La reducción del 

ganado en estas áreas probablemente pueda mejorar la supervivencia de las plantas de 

Croton. Las plantas de Croton en áreas sujetas a la adición de P y N+P sin pastoreo en 

las elevaciones Baja y Media, tuvieron menor supervivencia con respecto a las áreas de 

control. La adición de N y P en estas parcelas sin pastoreo puede haber aumentado la 

densidad de otras especies, principalmente pastos que pueden haber disminuido la 

supervivencia de Croton. Estos resultados indican que los efectos de pastoreo en el 

matorral seco interandino están condicionados por otros factores como el pastoreo y la 

presencia de otras especies que ocurren concomitantemente. El aporte continuo de N a 

través de la volatilización y escorrentía de fertilizantes de cultivos cercanos (Moreno et 

al. 2018; Larios-González et al. 2021), excrementos de ganado (Scharpenseel et al. 1996), 

deposición de cenizas por quema de caña de azúcar (Jaramillo 2011; Guamán et al. 2012), 

y la casi ausencia de materia orgánica y la baja disponibilidad de agua en la Elevación 

Baja parecen afectar la supervivencia de Croton en esta elevación (Gallego-Zamorano et 

al. 2022). 

La adición de N+P en sitios sin pastoreo mejoró el crecimiento de Croton en todas 

las elevaciones. Esto sugiere que la exclusión del pastoreo, la disponibilidad de nutrientes 

y de agua del suelo (Schulte Uebbing et al. 2021) pueden mejorar el crecimiento de 

Croton si los efectos de los nutrientes no entran en conflicto con un aumento en la 

densidad de otras especies vegetales. En la Elevación Alta, el aumento en la 

disponibilidad de P en el suelo favoreció el crecimiento de pastos probablemente 

perjudicando el crecimiento de Croton (Daws et al. 2021). Para promover el crecimiento 

de Croton es fundamental considerar un suministro balanceado de N y P de acuerdo con 

las necesidades de cada elevación junto con un pastoreo controlado.  
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La producción de frutos en Croton se incrementó en la Elevación Baja con la 

adición de N y en la Elevación Media con la adición de N y P. Equilibrar la disponibilidad 

de N y P del suelo puede ser importante en esta elevación para incrementar la producción 

frutos y semillas de esta especie como se ha mostrado en otras especies (ver Kramer y 

Kozlowski 1979; Drenovsky y Richards 2005).  

Nuestros datos corroboran que la supervivencia de las plántulas de Croton 

disminuye a medida que se alejan del dosel de las plantas facilitadoras. La presencia de 

suficiente dosel de Croton parece ser fundamental para el establecimiento y reclutamiento 

de plántulas en estos ambientes xéricos (Lara-Romero et al. 2017, Jonge et al. 2021). La 

disminución en la supervivencia de Croton debido al pastoreo puede alterar severamente 

su estructura poblacional y, en consecuencia, reducir la cobertura vegetal que protege a 

sus congéneres y otras especies de los sistemas arbustivos secos interandinos (Espinosa 

et al. 2013, 2019). 

 

Recomendaciones 

Nuestros resultados nos permiten advertir que los efectos combinados del cambio 

climático, la alteración del equilibrio Carbono-Nitrógeno-Fósforo (debido al aumento en 

la deposición de nitrógeno) y el pastoreo afectan la densidad y reproducción de una 

especie clave para el mantenimiento de la biodiversidad y funcionamiento del matorral 

seco interandino al sur de Ecuador. Es necesario trabajar en el desarrollo de herramientas 

conceptuales y de manejo que nos ayuden a comprender la relación a largo plazo entre el 

clima, el pastoreo, actividades agrícolas y la dinámica del matorral seco interandino, para 

que contribuyan a la conservación, educación y al desarrollo económico de los habitantes 

de estas regiones.  



 247 

A pesar de su importancia, los ecosistemas secos se encuentran entre los 

ecosistemas más amenazados del mundo y menos estudiados, lo que podría ponerlos en 

mayor riesgo frente a los bosques húmedos (Janzen 1988, Miles et al. 2006, Portillo-

Quintero y Sánchez-Azofeifa 2010, Aide et al. 2012, Gillespie et al. 2012). Los bienes y 

servicios que brindan los ecosistemas secos son significativamente diferentes de los de 

los bosques húmedos, por lo que requieren diferentes enfoques de manejo y conservación 

(Wunder 2001; Makonda y Gillah 2007; Gumbo et al. 2010). En Ecuador, el matorral 

seco interandino, con el 5% de superficie, casi no está representado en el sistema estatal 

de áreas protegidas (Ron 2020) y se ha convertido en un ecosistema amenazado y 

fragmentado (Cabrera 2002, Aguirre-Mendoza y Kvist 2005), donde las especies están 

aisladas y tienen pocas oportunidades de migrar. Por lo tanto, una prioridad de 

conservación en Ecuador debería ser la creación de áreas protegidas que incluyan 

remanentes significativos de matorral seco interandino (DRYFLOR et al. 2016, Quintana 

et al. 2016). Si la degradación continúa, se producirán pérdidas considerables de 

biodiversidad, incluidos algunos de los linajes más antiguos típicos de estos bosques 

(Särkinen et al. 2012) y los servicios ecosistémicos (Quintana et al. 2016).  

Un enfoque con múltiples agentes es una opción viable para atender los problemas 

multidimensionales y heterogéneos en este ecosistema. Un consorcio entre universidades, 

organismos gubernamentales y no gubernamentales debe contribuir a la investigación y 

formulación de políticas y leyes para la conservación de estos ecosistemas secos. Aunque 

promulgar políticas prudentes por sí solo no es una solución para todos los problemas, 

los gobiernos también deben interesarse en reconocer los ecosistemas secos como una 

opción de medios de vida viable e invertir en su gestión sostenible (Bekele y Girmay 

2014). Para llamar la atención de los responsables políticos y los agentes de desarrollo, 

se requiere una fuerte evidencia empírica de los beneficios económicos y la importancia 
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ambiental de estos ecosistemas (Siyum 2020). Por lo tanto, es necesario continuar con 

investigación para la gestión sostenible del matorral seco interandino.  
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CONCLUSIONES GENERALES 

1. Nuestro estudio mostro cómo factores como sitios con diferente elevación, el tamaño 

de la planta y la cobertura vegetal pueden influir en la expresión de la feminidad y en 

la agregación espacial de la feminidad plantas monoicas. La expresión de la feminidad 

en especies monoicas puede verse influenciada por los mismos factores que influyen 

en la segregación espacial de plantas femeninas en especies dioicas.  

2. Señalamos que los patrones espaciales encontrados en el sitio de menor elevación, 

donde la temperatura del suelo es más alta y con menor contenido de humedad, 

respaldan la hipótesis de que la feminidad en especies monoicas puede verse 

favorecida por interacciones de facilitación conespecífica.  

3. Observamos variación morfológica y aislamiento reproductivo incipiente en Croton 

en condiciones climáticas contrastantes en el gradiente de elevación.  

4. Los experimentos de polinización dentro de cada elevación sugieren la posibilidad de 

una limitación de polinizadores en Croton en la Elevación Alta. La Elevación Alta 

presentó menor número de frutos y semillas en comparación con la Elevación Baja. 

5. Las plantas más grandes en las elevaciones Baja y Media, y aquellas en sitios con 

mayor disponibilidad de nitrógeno tuvieron mayor sincronía reproductiva en Croton.  

6. El aumento de la sincronía reproductiva en la Elevación Baja y la adición de N y P en 

la Elevación Media se asoció con un incremento en la producción de frutos y la 

probabilidad de germinación de Croton, aunque el aumento de la sincronía de 

floración también se asoció con incrementos en la probabilidad de depredación de 

semillas, especialmente en la Elevación Alta.  

7. El incremento en la cobertura de Croton puede aumentar la abundancia y diversidad 

de plantas en el matorral seco interandino. La presencia de Croton en este matorral 

seco no solo parece favorecer la continuidad de individuos conspecíficos, sino 
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también a otros miembros de la comunidad vegetal. La interacción positiva entre 

Croton con otras especies debe considerarse en planes de restauración y conservación 

para garantizar el funcionamiento y los servicios que brinda este ecosistema.  
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